Development and characterization of starchpolyurethane hybrid materials for food packaging application by Tai, N
 Development and characterization of starch-
polyurethane hybrid materials for food packaging 
application 
 
 
 
 A thesis submitted in fulfilment of the requirements for the degree of 
Doctor of Philosophy  
 
 
 
Tai Nyok Ling 
B. Tech. (Hons) (Bioresource, Paper & Coatings Technology), Universiti Sains of Malaysia, 
Malaysia, 2009 
M. Sc. (Bioresource, Paper & Coatings Technology), Universiti Sains of Malaysia, Malaysia, 
2012 
 
 
 
School of Science 
 College of Science, Engineering and Health 
RMIT University, Melbourne, Australia 
 
March, 2019 
 
i 
 
Declaration  
I certify that except where due acknowledgement has been made, the work is that of the author 
alone; the work has not been submitted previously, in whole or in part, to qualify for any other 
academic award; the content of the Thesis is the result of work which has been carried out since 
the official commencement date of the approved research program; and any editorial work, 
paid or unpaid, carried out by a third party is acknowledged; and ethics procedures and 
guidelines have been followed.  
 
Tai Nyok Ling 
27 March 2019 
 
 
 
 
 
 
 
 
 
 
 
 
ii 
 
Copyright 
Tai Nyok Ling  
2019 
 
 
 
Copyright Notices  
Notice 1  
Under the Copyright Act 1968, this Thesis must be used only under the normal conditions of 
scholarly fair dealing. In particular no results or conclusions should be extracted from it, nor 
should it be copied or closely paraphrased in whole or in part without the written consent of 
the author. Proper written acknowledgement should be made for any assistance obtained from 
this Thesis.  
Notice 2  
I certify that I have made all reasonable efforts to secure copyright permissions for third-party 
content included in this Thesis and have not knowingly added copyright content to my work 
without the owner’s permission. 
 
 
 
 
 
iii 
 
Acknowledgements  
I wish to express my sincerest gratitude to my principal supervisor Professor Benu 
Adhikari for continued guidance throughout my PhD study. I am also truly grateful to my 
Associate Supervisor, Dr. Raju Adhikari, whose experience and inputs enabled me to pursue 
research on polyurethane. I am also thankful to Professor Robert Shanks for his advice, 
suggestions and brilliant ideas. My supervisors steered me to right direction yet allowed me to 
take initiatives and pursue my own ideas.   
I wish to express my gratitude to George Freischmidt, Dr. Chris Easton, Dr. Aaron 
Seeber, Dr. Mark Greaves, Dr. Chris Sheedy, Dr. Winston Liew, Dr. Roger Mulder, Dr. Jacinta 
Whie, Dr. Julian Ratcliffe, Dr. Yesim Gozukara, Dr. Mark Hickey, Dr. Anthony Chesman, Dr. 
Mike Devery, Dr. Jo Cosgriff, Dr. Pamela. Hoobin, Dr. Parveen Sangwan, Dr. George Maurdev 
of CSIRO Manufacturing and  Nadia Zakhartchouk, Frank Antolasic, and Dr. Lillian Chuang 
of RMIT for providing me with the technical support and valuable inputs during data analysis.  
I would also like to thank RMIT University and CSIRO Manufacturing for providing 
me with scholarship support. I am also thankful to Science HDR for providing me an 
opportunity to conduct some of my research in Spain under Group of Molecular and Industrial 
Biotechnology (GBMI). I greatly appreciate GBMI group and the EU Commission for 
providing me scholarship and providing me access to the research facility.  I am particularly 
grateful to Professor Tzanko Tzanov for research supervision. I greatly appreciate Dr. Kristina 
Ivanova and Dr. Sílvia Pérez-Rafael for sharing ideas and helping me to feel like at home.   
 I owe thanks to my colleagues Isaac Martinez Pardo, Loshini Dandeniyage, Nabeen 
Dulal, Bo Wang, Yakindra Timilsena and Loc Pham for their friendship. Special thanks to my 
friends Jeannie Tan, Lisa Xiao, Yang Xin, Febina Rodrigues, Qing Bo, Jianrong Qiu, Sanya 
Guglani and Waldemar Remiszewski for your cheering me and for being a part of this this PhD 
journey. 
Last but not least, I’m indebted to my parents for raising me with love, care and 
educating me to be the person that I am today. My beloved fiancé, Goh Bian Chiat, thank you 
very much for your enduring support and for being by my side throughout this journey. You 
remained my greatest strength. My heartfelt thanks to my aunts, siblings and cousins for your 
continuous support and encouragement to pursue this highest academic study. 
iv 
 
PUBLICATIONS  
The following are journal papers and other conference presentations that form the part of this 
thesis.  
A list of journal articles 
1. Tai, N. L., Adhikari, R., Shanks, R., & Adhikari, B. (2017). Flexible starch-
polyurethane films: Physiochemical characteristics and hydrophobicity. Carbohydrate 
Polymers, 163. 236-246.  
(This published paper is presented as chapter 3 in this Thesis) 
 
2. Tai, N. L., Adhikari, R., Shanks, R., & Adhikari, B. (2017). Starch-polyurethane films 
synthesized using polyethylene glycol-isocyanate (PEG-iso): Effects of molecular 
weight, crystallinity, and composition of PEG-iso on physiochemical characteristics 
and hydrophobicity of the films. Food Packaging and Shelf Life, 14(Part B). 116-127.  
(This published paper is presented as chapter 4 in this Thesis) 
 
3. Tai, N. L., Adhikari, R., Shanks, R., Halley, P., & Adhikari, B. (2018). Flexible starch-
polyurethane films: Effect of mixed macrodiol polyurethane ionomers on 
physicochemical characteristics and hydrophobicity. Carbohydrate Polymers, 197, 312-
325.  
(This published paper is presented as chapter 5 in this Thesis) 
Manuscripts under preparation 
4. Tai, N. L., Adhikari, R., Shanks, R., & Adhikari, B. Aerobic biodegradation of starch–
polyurethane flexible films under soil burial condition: Changes in physical structure 
and chemical composition.  
(This paper is currently under peer-review, it is presented as chapter 6 in this Thesis) 
 
 
 
v 
 
AWARDS AND GRANTS 
1. RMIT PhD International Scholarship (RPIS), 2015-2019.  
2. Commonwealth Scientific and Industrial Research Organisation (CSIRO) project grant, 
2015-2018.  
3. EU Commission Erasmus+ KA107 scholarship, April-July 2018. 
4. HDR Barcelona Study Tour sponsorship by Science HDR, 2017. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
vi 
 
TABLE OF CONTENTS 
Thesis title page  
Declaration................................................................................................................................. i 
Copyright .................................................................................................................................. ii 
Acknowledgements ................................................................................................................ iii 
Publications ............................................................................................................................. iv 
Awards and grants ................................................................................................................... v 
Table of contents ..................................................................................................................... vi 
List of figures ........................................................................................................................... xi 
List of tables.......................................................................................................................... xvii 
List of abbreviations .......................................................................................................... xviii 
Overall summary .................................................................................................................. xix 
 
 
Chapter 1 INTRODUCTION   
    1.1              Background ...................................................................................................... 2 
    1.2              Aim and research questions ............................................................................ 4 
    1.3              Research objectives .......................................................................................... 5 
    1.4              Expected benefits of this study ....................................................................... 6 
    1.5              Outline of this research ................................................................................... 6 
                 References ......................................................................................................... 8 
 
 
Chapter 2       LITERATURE REVIEW  
    2.1              Abstract ........................................................................................................... 12 
2.2              Introduction .................................................................................................... 12 
2.3              Starch and PUs as biodegradable packaging materials ............................. 14 
   2.3.1       Starch ............................................................................................................... 14 
   2.3.2       Polyurethanes................................................................................................... 16 
    2.4              Polyurethane synthesis and starch-PU compatibility ................................. 16 
   2.4.1       Polyurethane synthesis .................................................................................... 16 
   2.4.2       Starch-PU compatibility .................................................................................. 18 
    2.5              Approaches for preparing starch-PU hybrid materials ............................. 18 
vii 
 
   2.5.1       Starch-PU physical mixing or blending........................................................... 19 
   2.5.2       Preparation of starch-PU hybrid materials by chemical grafting .................... 23 
  2.5.2.1   Starch powder and thermoplastic starch .......................................................... 24 
  2.5.2.2   Modification of starch ...................................................................................... 27 
  2.5.2.3   Modification of polyurethane structures .......................................................... 30 
  2.5.2.4   Use of compatibilizer ....................................................................................... 31 
    2.6              Biodegradation of PU and its hybrids with polysaccharides ..................... 31 
   2.6.1       Biodegradation of PUs ..................................................................................... 32 
   2.6.2       Test methods used to measure PU biodegradation .......................................... 34 
   2.6.3       Aerobic biodegradation of PUs under soil burial condition ............................ 38 
   2.6.4       Biodegradation of starch-PU hybrid and composite materials ........................ 40 
    2.7              Concluding remarks ...................................................................................... 42 
                        References ....................................................................................................... 43 
 
 
Chapter 3  FLEXIBLE STARCH-POLYURETHANE FILMS: PHYSIOCHEMICAL 
CHARACTERISTICS AND HYDROPHOBICITY 
    3.1             Abstract ............................................................................................................ 59 
    3.2             Introduction ..................................................................................................... 59 
    3.3             Materials and methods ................................................................................... 60 
    3.4             Results and discussion .................................................................................... 61 
   3.4.1      Starch Gelatinization ........................................................................................ 61 
   3.4.2      Synthesis of PEG iso linker and HAGS-PEG-PU films ................................... 61 
   3.4.3      IR absorption characteristics of PEG, PEG-iso, HAGS and HAGS-PEG-PU . 63 
   3.4.4      Morphology and structure of HAG-PEG-PU films .......................................... 64 
   3.4.5      Phase-transition characteristics of HAG-PEG-PU films .................................. 64 
   3.4.6      Crystalline characteristics of PEG, HAGS and HAGS-PEG-PU films ............ 64 
   3.4.7      Mechanical Properties of HAGS-PEG-PU films.............................................. 64 
   3.4.8      Hydrophobicity of HAGS-PEG-PU films ........................................................ 67 
   3.4.9      Dynamic mechanical analyses .......................................................................... 67 
3.5             Conclusions ...................................................................................................... 68 
              References ....................................................................................................... 68 
              Addendum to Chapter 3  ............................................................................... 70 
 
viii 
 
Chapter 4  STARCH-POLYURETHANE FILMS SYNTHESIZED USING 
POLYETHYLENE GLYCOL-ISOCYANATE (PEG-ISO): EFFECTS 
OF MOLECULAR WEIGHT, CRYSTALLINITY, AND 
COMPOSITION OF PEG-ISO ON PHYSIOCHEMICAL 
CHARACTERISTICS AND HYDROPHOBICITY OF THE FILMS 
    4.2              Abstract ........................................................................................................... 73 
    4.3              Introduction .................................................................................................... 73 
    4.3              Materials and methods .................................................................................. 74 
    4.4              Results and discussion ................................................................................... 75 
   4.4.1       Synthesis of PEG iso linker and HAGS-PEG-PU films .................................. 75 
   4.4.2       Mechanical Properties of HAGS-PEG-PU films............................................. 75 
   4.4.3       Morphology and structure of HAG-PEG-PU films ......................................... 78 
   4.4.4       Hydrophobicity of HAGS-PEG-PU films ....................................................... 78 
   4.4.5       Phase-transition characteristics of HAG-PEG-PU films ................................. 79 
   4.4.6       Crystalline characteristics of PEG, HAGS and HAGS-PEG-PU films ........... 80 
   4.4.7       IR absorption characteristics of, HAGS and HAGS-PEG-PU films ............... 80 
   4.4.8       Hydrogen bonding between HAGS and PEG-iso linker ................................. 80 
  4.4.8.1   C=O stretching region ...................................................................................... 81 
  4.4.8.2   N-H stretching region ...................................................................................... 81 
    4.5              Conclusions ..................................................................................................... 81 
                           References ...................................................................................................... 84 
 
 
Chapter 5  FLEXIBLE STARCH-POLYURETHANE FILMS: EFFECT OF MIXED 
MACRODIOL POLYURETHANE IONOMERS ON 
PHYSICOCHEMICAL CHARACTERISTICS AND 
HYDROPHOBICITY 
    5.1             Abstract ............................................................................................................ 86 
    5.2             Introduction ..................................................................................................... 86 
    5.3             Materials and methods ................................................................................... 87 
    5.4             Results and discussion .................................................................................... 89 
   5.4.1   Synthesis of anionic poly(ether-ester) urethane (AEEPU) and HAGS-AEEPU      
hybrid films ........................................................................................................ 89 
   5.4.2      Particle size, molecular weight and zeta potential HAGS-AEEPU films ........ 89 
ix 
 
   5.4.3      IR absorption characteristics of HAGS and HAGS-AEEPU films .................. 91 
   5.4.4      Morphology and structure of HAGS and HAGS/AEEPU films ...................... 92 
   5.4.5      Crystalline and amorphous characteristics of HAGS and HAGS-AEEPU films . 
       .......................................................................................................................... 94 
   5.4.6      Optical transparency of HAGS-AEEPU films ................................................. 94 
   5.4.7      Compatibility and miscibility between starch and AEEPU.............................. 94 
   5.4.8      Mechanical Properties of HAGS and HAGS-AEEPU films ............................ 96 
   5.4.9      Hydrophobicity of HAGS-AEEPU films ......................................................... 96 
5.5              Conclusions ..................................................................................................... 97 
                          References ....................................................................................................... 97 
 
 
Chapter 6  AEROBIC BIODEGRADATION OF STARCH–POLYURETHANE 
FLEXIBLE FILMS UNDER SOIL BURIAL CONDITION: CHANGES 
IN PHYSICAL STRUCTURE AND CHEMICAL COMPOSITION  
    6.1             Abstract .......................................................................................................... 101 
    6.2             Introduction ................................................................................................... 102 
    6.3             Materials and methods ................................................................................. 104 
    6.4             Results and discussion .................................................................................. 109 
   6.4.1      Specification and carbon content of samples and water holding capacity of soil 
      ......................................................................................................................... 109 
   6.4.2      Change in physical appearance of hybrid films due to biodegradation .......... 109 
   6.4.3      Morphology and surface structure of HA and starch–PU hybrid films .......... 111 
   6.4.4      Aerobic biodegradation .................................................................................. 113 
   6.4.5      IR absorption characteristics of HA and starch–PU hybrid films .................. 115 
   6.4.6      Mechanism of biodegradation of starch–PU hybrid materials ....................... 121 
    6.5             Conclusion ..................................................................................................... 122 
                         References ...................................................................................................... 123 
 
 
Chapter 7  GENERAL DISCUSSION, OVERALL CONCLUSIONS AND 
RECOMMENDATIONS  
    7.1.             Introduction ................................................................................................... 130 
    7.2               Key research findings, general discussion and conclusions ..................... 132 
x 
 
   7.2.1         Developing starch-PU hybrid materials through chemical grafting .............. 133 
   7.2.2      Effect of molecular weight of polyol affect the properties of starch-PU   
through chemical grafting .............................................................................. 134 
7.2.3  Developing starch-PU hybrid materials through physical and effect of   
polyester and polyether on PU soft segment composition ............................. 135 
   7.2.4        Study of biodegradation of starch-PU hybrid materials .................................. 136 
    7.3              Contribution made by this Thesis to the community and industry.......... 138 
    7.4              Recommendations for the future work ....................................................... 139 
                       References ...................................................................................................... 140 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xi 
 
LIST OF FIGURES 
Figure Title  Page 
CHAPTER 2 
1  Schematic diagram illustrating synthesis of polyurethane. 16 
2  Illustration of two approaches used to develop starch-PU hybrid materials. (A) 
Physical mixing and (B) Chemical grafting. 
18 
3  Schematic representation of water dispersible PU (WPU)’s ionomer 
architecture (A); Anionic (B) and Cationic (C) PU dispersed in water. Anionic 
PU carries carboxylate groups whereas cationic PU carries quaternary 
ammonium groups and they form electric double layer with their counter-ions. 
19 
4  Schematic diagram showing synthesis of AEEPU and its interaction with 
starch. 
22 
5 SEM images of (A) Thermoplastic PU (TPU); (B) TPU/20CS; (C) TPU/20 
TPS. CS= corn starch powder, TPS=thermoplastic starch. 
24 
6 Preparing of thermoplastic starch modified with PU micro-particles. 25 
7 Schematic diagram of conversion of starch into maltodextrin (MD) and the 
reaction of MD with polyurethane prepolymer (PUP): starch granule (A), 
hydrolysis starch (B), debranching of starch granules to produce MD (C). The 
structure-solubility relationships of maltodextrin-polyurethane (MDPUs) that 
relates to the formation of gel. High degree of crosslinking (D), medium 
degree of crosslinking (E) and low degree of crosslinking (F) structures. 
27 
8 Scanning electron microscopic images of the film surface incubated in α-
amylase solution. PU (a), starch-PU control (5 wt % starch) (b), VTMS-starch-
PU VS02 (2 wt % starch) (c), VTMS-starch-PU (5 wt % starch) (d). 
41 
CHAPTER 3 
1  Light and polarized light microscopic images of starch granules (A), 
gelatinization condition: 130˚C-15 min (C), 130˚C-30 min (E), 140˚C-15 min 
(G); B, D, F and G are the polarized microscopy image of A, C, E and G 
respectively.   
61 
xii 
 
2  Illustration of synthesis: a) PEG-iso linker, b) Hypothetical reaction of HAGS 
and PEG-iso linker for preparation of HAGS-PEG-PU film. PEG-iso = 
Polyethylene glycol-isocyanate. 
62 
3  FTIR spectra of PEG 1000 (A), PEG-iso (B), HAGS (C), HAGS-15PEG-PU 
(D) and HAGS-5PEG-PU (E).  HAGS= high amylose glycerol plasticized 
starch film, PEG= Polyethylene glycol, PU= polyurethane. 2, 5, 10 and 15 
indicate the percentage of PEG-iso in the film. 
62 
4 Scanning electron microscope images of HAGS (A), HAGS-2PEG-PU (B), 
HAGS-5PEG-PU (C), HAGS-10PEG-PU (D), HAGS-15PEG-PU (E), and 
HAGS-20PEG-PU (F). HAGS= high amylose glycerol plasticized starch film, 
PEG= Polyethylene glycol, PU= polyurethane. 2, 5, 10 and 15 indicate the 
percentage of PEG-iso in the film. 
64 
5 Differential scanning calorimetry (DSC) thermograms showing melting peaks 
and crystallization peaks of HAGS and HAGS-PEG-PU films. HAGS= high 
amylose glycerol plasticized starch film, PEG= Polyethylene glycol, PU= 
polyurethane. 2, 5, 10 and 15 indicate the percentage of PEG-iso in the film. 
65 
6 X-Ray diffraction patterns of HAGS and HAGS-PEG-PU films.  HAGS= high 
amylose glycerol plasticized starch film, PEG= Poly(ethylene glycol), PU= 
polyurethane. 2, 5, 10 and 15 indicate the percentage of PEG-iso in the film. 
65 
7 Stress-strain curves for HAG and the HAG-PEG-PU films. HAGS= high 
amylose glycerol plasticized starch film, PEG= Polyethylene glycol, PU= 
polyurethane. 2, 5, 10 and 15 indicate the percentage of PEG-iso in the film. 
65 
8 The changes in loss tangent (tan δ) (A), storage modulus (E’) (B) and loss 
modulus (E’’) (C) of HAGS-PEG-PU films as a function of temperature. 
HAGS= high amylose glycerol plasticized starch film, PEG= Polyethylene 
glycol, PU= polyurethane. 2, 5, 10 and 15 indicate the percentage of PEG-iso 
in the film. 
66 
S1 Contact angle of HAGS film (A) and HAGS-20PEG-PU (B). HAGS = high 
amylose glycerol plasticized starch film, PEG = Polyethylene glycol, PU = 
polyurethane. The numbers 20 indicates percentage of PEG-iso in the film. 
70 
xiii 
 
S2 FTIR spectra of PEG 1000 (A), PEG-iso (B), HAGS (C), HAGS-15PEG-PU 
(D) and HAGS-5PEG-PU (E). HAGS = high amylose glycerol plasticized 
starch film, PEG = Polyethylene glycol, PU = polyurethane. The numbers 5 
and 15 indicate the percentage of PEG-iso in the film. 
70 
S3 Scanning electron microscope images of HAGS (A), HAGS-2PEG-PU (B), 
HAGS-5PEG-PU (C), HAGS-10PEG-PU (D), HAGS-15PEG-PU (E), and 
HAGS-20PEG-PU (F). HAGS= high amylose glycerol plasticized starch 
film, PEG = Polyethylene glycol, PU = polyurethane. The numbers 2, 5, 10 
and 15 indicate the percentage of PEG-iso in the film. 
71 
CHAPTER 4 
1 Illustration of synthesis: PEG-iso linker (A), reaction between HAGS and 
PEG-iso linker (B). Proposed interaction between HAGS and PEG-iso linker 
synthesised using low molecular weight PEG (C). Proposed interaction 
between HAGS and PEG-iso linker synthesised using high molecular weight 
PEG (D). 
73 
2 Mechanical properties of HAGS-PEG-PU films as a function of PEG-iso 
content and different molecular weight of PEG in PEG-iso. Elongation at 
break (A), tensile strength (B), Young’s modulus (C), and tensile stress-strain 
curves of HAG-PEG-PU films (D). HAGS= high amylose starch films 
plasticized by glycerol, PEG= Polyethylene glycol, PU= polyurethane. 2, 5, 
10 and 15 indicate the percentage of PEG-iso in the film; 0.6, 1.0, 1.5 and 2.0 
indicate the MW of PEG in the film. 
74 
3 Scanning electron microscope images of HAGS (A); HAGS-20PEG0.6-PU 
(B); HAGS-20PEG1.0-PU (C); HAGS-20PEG1.5-PU (D); and HAGS-
20PEG2.0-PU (E); HAGS= high amylose starch film plasticized by glycerol; 
PEG= Polyethylene glycol, PU= polyurethane; 20: indicate the percentage of 
PEG-iso in the film; 0.6, 1.0, 1.5, 2.0 indicate the MW (600, 1000, 1500, 2050 
Da)  of PEG in the film.  
76 
4 Contact angle (CA) of HAGS-PEG-PU films (A), CA of HAGS and HAGS-
20PEG1.5-PU (B). HAGS= High amylose starch film plasticized with 
glycerol; PEG= Polyethylene glycol, PU= polyurethane; 2, 5, 10 and 15 
77 
xiv 
 
indicate the percentage of PEG-iso in the film; 0.6, 1.0, 1.5 and 2.0 indicate 
the MW of PEG in the film. 
5 Differential scanning calorimetric (DSC) thermograms  showing  melting 
peaks and crystallization peaks of HAGS-PEG-PU films. HAGS= high 
amylose starch film plasticized by glycerol; PEG= Polyethylene glycol, PU= 
polyurethane; 20: indicate the percentage of PEG-iso in the film; 0.6, 1.0, 1.5, 
2.0 indicate the MW (600, 1000, 1500, 2050 Da) of PEG in the film. 
77 
6 X-Ray diffraction patterns of HAGS-PEG-PU films. HAGS= high amylose 
starch films plasticized by glycerol; PEG= Polyethylene glycol, PU= 
polyurethane; 20: indicate the percentage of PEG-iso in the film; 0.6, 1.0, 1.5, 
2.0 indicate the MW (600, 1000, 1500, 2050 Da) of PEG in the film. 
78 
7 FTIR spectra of PEG-iso linker prepared in different molecular weight (A); 
HAGS-PEG-PU films with different PEG-iso content (B); Curve-fitting of 
C=O stretching of HAGS-PEG-PU films with different PEG-iso content (C) 
and different PEG molecular weight (D); Curve-fitting of N-H stretching of 
HAGS-PEG-PU films with different PEG-iso content (C) and different PEG 
molecular weight (D);  HAGS= high amylose glycerol plasticized starch film, 
PEG= Polyethylene glycol; PU= polyurethane. 2, 5, 10 and 15 indicate the 
percentage of PEG-iso in the film; 0.6, 1.0, 1.5 and 2.0 indicate the MW of 
PEG in the film.  
79 
CHAPTER 5 
1  (A) Schematic diagram showing the synthesis of water dispersible anionic 
polyurethane (AEEPU); (B) proposed/postulated interaction between HAGS 
and AEEPU.  
87 
2 FTIR spectra of HAGS, AEEPU and HAGS/AEEPU hybrid films; (A) N-H 
stretching region; (B) C=O stretching region; (C) C-O stretching region. 
HAGS= high amylose glycerol plasticized starch film, HS= short form of 
HAGS; AEEPU= Anionic polyurethane. Thus numbers (20 and 40) indicate 
the ratio of AEEPU in the HAGS films.  
89 
3 Scanning electron microscope micrographs of the cross-section (left) and 
surface (right) of (A) HAGS; (B) HS20AEEPU; (C) HS30AEEPU; (D) 
90 
xv 
 
HS40AEEPU; (E) HS50AEEPU. HAGS= high amylose glycerol plasticized 
starch film; HS= short form of HAGS; AEEPU= Anionic polyurethane; 20, 
30, 40 and 50 indicate the ratio of AEEPU in the HAGS film. 
4 X-Ray diffraction patterns of HAGS, AEEPU and HAGS-AEEPU films. 
HAGS= high amylose glycerol plasticized starch film; HS= short form of 
HAGS; AEEPU= Anionic polyurethane; 20, 30, 40 and 50 indicate the ratio 
of AEEPU in the HAGS film. 
91 
5 The effect of the concentration of AEEPU on the transparency of HAGS-
AEEPU films and LDPE film. HAGS= high amylose glycerol plasticized 
starch film; HS= short form of HAGS; AEEPU= Anionic polyurethane. The 
numbers (20, 30, 40 and 50) indicate the ratio of AEEPU in the HAGS film. 
92 
6 The variation of loss tangent (tan δ) of HAGS and HAGS-AEEPU films as a 
function of temperature. HAGS= high amylose glycerol plasticized starch 
film; HS= short form of HAGS; AEEPU= Anionic polyurethane; 20, 30, 40 
and 50 indicate the ratio of AEEPU in the HAGS-AEEPU films. 
92 
7 Stress-strain curves for HAGS, LDPE and HAGS-AEEPU films. HAGS= high 
amylose glycerol plasticized starch film; HS= short form of HAGS; AEEPU= 
Anionic polyurethane; 20, 30, 40 and 50 indicate the ratio of AEEPU in the 
HAGS film. 
93 
CHAPTER 6 
1 Pictures of HA, HS40AEEPU (physically blended PU) and HS-20PEG-PU 
(chemical grafted PU) subjected to biodegradation in soil for 0, 5, 15, 30, 60, 
90, 12, 150, and 180 days.  
108 
2 SEM micrographs of HA (A), HS40AEEPU (physically blended PU) (B) and 
HS-20PEG-PU (chemical grafted PU) (C) at 100x magnification (A1, B1 & 
C1) and 1000x magnification (A2, B2 & C2). 
110 
3 CO2 evolved of HA, HS40AEEPU (physically blended PU) and HS-20PEG-
PU (chemical grafted PU) film in soil according to ASTM D 5988. 
112 
xvi 
 
4 FTIR spectra of film: HA (A), HS40AEEPU (physically blended PU) (B) and 
HS-20PEG-PU (chemical grafted PU) (C) before and after biodegradation 
during 180 days of soil burial test. 
114 
5 The effect of soil burial degradation on the; carbonyl index (CI), ester index 
(EsI), ether index (EtI) and starch index (StI) for HA (A1); HS40AEEPU 
(physically blended PU) (B1), (B2) & (B3) and HS-20PEG-PU (chemical 
grafted PU) (C1), (C2) & (C3). 
117 
6 Schematic diagram illustrating the mechanism or different stages of 
degradation of starch–PU hybrid films in soil burial environment (Experiment 
condition: 54 % relative humidity, temperature 22 ± 3 ˚C and stored in dark). 
119 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xvii 
 
LIST OF TABLES 
Table  Title  Page 
CHAPTER 2 
1  The preparation of starch-PU hybrid materials by physical mixing. WPU = 
water dispersible polyurethane. 
20 
2  Methods of producing starch-PU hybrid materials by chemical grafting 
approach. Films were produced by aqueous and solvent casting. 
23 
3 Methods of producing starch-PU hybrid materials by chemical grafting 
technique prepared by intensive mixing or extrusion and compression 
moulding. 
26 
4 Test methods used for assessing biodegradation of polyurethanes. 34 
5 Test methods used for assessing aerobic and anaerobic biodegradation of 
polyurethane. 
38 
6 Test methods used for assessing biodegradation of starch-PU hybrid 
materials.  
39 
CHAPTER 3 
1  Physiochemical characteristics of HAGS-PEG-PU films 65 
CHAPTER 4 
1 Formulations of PEG-iso linkers.  71 
2 HAGS-PEG-PU films prepared using PEG-iso linker synthesised by using 
PEG of different molecular weight.  
72 
CHAPTER  5 
1 Particle size, zeta potential, molecular weight and stability of anionic 
polyurethane and HAGS dispersions.   
88 
2 Contact angle data of HAG and HAG-AEEPU films. The CA of LDPE film 
is provided for comparison. 
94 
 
xviii 
 
LIST OF ABBREVIATIONS 
AEEPU  anionic poly(ether-ester) polyurethane 
ATR-FTIR   attenuated total reflectance Fourier transform infrared  
BMPA   2,2-bis(hydroxymethyl) propionic acid 
CPU   anionic poly(ester) urethane 
DMA    dynamic mechanical analysis  
DMPA   dimethylol propionic acid 
DSC    differential scanning calorimetry  
EDA    1,2-ethylene diamine 
EPU   anionic poly(ether) urethane 
FAMs   functionalized amphiphilic macromolecules 
FESEM   Field emission scanning electron microscopy 
GPC    gel permeation chromatography  
HA   high amylose  
HAGS    glycerol plasticized high amylose starch 
HDI    hexamethylene diisocyanate  
IPDI   isophorone diisocyanate  
MDI    4,4’-methylenediphenyl diisocyanate  
Mw    molecular weight  
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PCL    polycaprolactone  
PEG    poly(ethylene glycol)  
PEG-iso   PEG isocyanate crosslinker 
PEG-PU  polyether urethane linkages 
PEO    polyethylene oxide 
PU    polyurethane/s  
SDS   sodium dodecyl sulfate 
SEM    scanning electron microscopic  
TEA   triethylamine  
TPS    thermoplastic starch  
WAXS   wide angle x-ray scattering  
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Overall Summary 
Increasing awareness of negative impact of conventional plastic packaging and 
increasingly stringent environmental legislations are putting pressure on packaging industry to 
develop biobased biodegradable packaging materials. Due to easy availability, reasonably low 
cost and biodegradable nature of starch, packaging materials based on starch are attracting 
greater attention.  While starch is biodegradable and comes from renewable source; so far, there 
are no viable primary packaging is developed solely from starch. Packaging films produced 
solely from starch suffer from the inherent brittleness and poor water repelling properties. 
Hence, the physical and/or chemical structure and composition of starch must be modified to 
improve the physicochemical properties of starch materials before they can be used for as 
“standalone” primary packaging. Starch-based biodegradable packaging materials can be 
developed using a range of synthetic, yet biodegradable polymers, such as polyurethane (PU). 
Development of starch-polyurethane (starch-PU) hybrid materials is of greater research interest. 
This is because PUs can be specifically designed to make the biodegradable and also the 
flexible packaging produced from starch-PU hybrid materials possesses excellent mechanical 
properties. Also, chemical composition and physicochemical properties of PUs can be tailored, 
with relative ease, to increase their compatibility with hydrophilic starch. In legislative aspect, 
starch-PU hybrid and composite hybrid materials are approved by FDA for biomedical, 
pharmaceutical and food applications. In this context, the PhD study was aimed at developing 
starch-PU hybrid materials with suitable mechanical properties, hydrophobicity (water 
repellence) and biodegradability for packaging application by overcoming their incompatibility 
and microphase separation.  
Despite above mentioned desirable properties, PUs are incompatible with starch as they 
are relatively more hydrophobic and lead to micro-phase separation and fail to yield desired 
properties.  This study hypothesises that by controlling the structure and function of PUs and 
applying different hybridisation methods (physical blending or chemical grafting), it is possible 
to overcome the incompatibility between starch and PU. The improved compatibility is 
expected yield starch-PU hybrid materials which can be readily converted into flexible 
packaging films. These packaging materials will meet property specifications required for 
packaging application at the same time they will be biodegradable.  
 Initial focus of this study was to synthesise starch-PU hybrid materials using chemical 
grafting approach. Poly(ethylene glycol)-isocyanate (PEG-iso) crosslinker with end-capped 
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NCO end group was synthesised by reacting PEGs with hexamethylene diisocyanate (HMDI). 
PEG-iso crosslinker was covalently attached to starch. A good distribution or dispersion of 
starch and PEG-PU and strong covalent bonding between them was achieved. The introduction 
of PEG-iso crosslinker led to increased compatibility between starch and PU and resulted in 
improved hydrophobicity and flexibility of the starch-PU films. The synthesized starch-PU 
hybrid films were characterized to quantify the extent of miscibility, mechanical properties, 
hydrophobicity and establish structure-morphology relationship.   
This study further investigated the effect of molecular weight (Mw) of PEG-iso 
crosslinkers (Mw varying from 600 to 2050 Da) on the morphology and physio-mechanical 
properties of starch-PU films, with the aim to further improve the properties of starch-PU films. 
The results from this study showed that the Mw of polyols used in soft segments plays an 
important role in improving phase miscibility and physio-mechanical properties of the hybrid 
films. The phase miscibility was found to depend on the nature and extent of hydrogen bonding, 
degree of chain entanglement and crystalline structure of PEG-iso. The PEG-iso crosslinkers 
synthesised using PEG with 1000 and 1500 Da showed greatly improved   miscibility with 
starch and provided a good mechanical and hydrophobicity. The degree of intermolecular 
hydrogen bonds between starch and PEG-iso crosslinker was quantified and their effect on the 
overall properties of starch-PU film was explained. The increase of hydrogen bonds indicated 
increase interactions and improve phase miscibility between starch and polyether urethane 
(PEG-PU) network. 
Starch-PU hybrid materials were also produced using specifically designed physical 
mixing/blending process. A functionalised water dispersible anionic poly(ether-ester)urethane 
(AEEPU) was developed  by incorporating a mixed emulsifier containing 
Bis(hydroxymethyl)propionic acid (BMPA) and a small amount of  sodium dodecyl sulphate 
(SDS) in the formulation. AEEPU was then physically blended with starch. Due to water 
dispersible nature, AEEPU readily blended with starch. The compatibility or miscibility 
between starch and PU has very high due to physical chain entanglement and hydrogen bonding 
of ionic groups of AEEPU with starch. This increased miscibility aided by the ionic groups 
enabled better dispersion and intercalation of AEEPU into the starch matrix. The starch-PU 
hybrid materials produced by this physical blending/mixing produced films with transparency, 
hydrophobicity (contact angle) and mechanical properties comparable to that of low density 
polyethylene (LDPE).    
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 The biodegradability of starch-PU films prepared by chemical grafting and physical 
blending/mixing methods were evaluated using ASTM D5988. The biodegradability, measured 
as carbon dioxide generation, of physically mixed and chemically grafted starch-PU hybrid 
films 72 % and 26 %, respectively. The biodegradability of starch (positive control) at the 
identical test condition was 86 %.   The biodegradation of starch-PU hybrid materials was 
found to depend on the degree of cross-linking caused by covalent linkages or physical 
entanglements, chemical groups present in the PU chains. The films produced by physically 
mixed starch–PU hybrids had weak physical bonding interaction between the starch and PU 
chains and also had higher starch content, all of which favoured increased water absorption and 
microbial action. The presence of polyester in the soft segment of AEEPU also contributed to 
the increased biodegradation. The filmed produced from these starch-AEEPU hybrid materials 
showed promised as biodegradable flexible packaging.  
This PhD study probes the fundamental reasons that cause incompatibility between 
starch and PU proposes mechanisms through which it can be overcome. The advances made in 
this underpinning science enabled development of two (physical blending and chemical 
grafting) important technologies to produce starch-PU hybrid materials and flexible films from 
these materials.  Furthermore, this study contributes to the fundamental understanding of 
structure-morphology-property relationship and biodegradability of starch-PU hybrid materials 
films produced using both physical blending and chemical grafting approaches. The chemical 
composition and structural features of specifically designed PUs documented in this thesis will 
provide new avenues for developing novel hybrid materials of other biopolymers (e.g. cellulose 
and lignin) with PU. 
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1.1.Background 
Most commonly used polymers in the packaging application are currently made from fossil 
fuel (petroleum). These synthetic polymers come with advantages such as good mechanical, 
water vapour barrier and repellence, optical clarity, heat-sealability and low cost. However, 
they are non-biodegradable and exert negative cumulative effect on the environment. The non-
biodegradable nature of these polymers and non-renewable nature of their source have been 
the driving forces for continuing research on environmental friendly polymers for food 
packaging applications (Cooper, 2013; Gourmelon, 2015; Siracusa, Rocculi, Romani, & Rosa, 
2008). Different aspects of raw materials including mechanical, water vapour and gas barrier, 
processability, biodegradability, renewability of source, availability and cost have to be 
considered while selecting suitable biopolymers for food packaging (Rhim, Park, & Ha, 2013). 
Biopolymers such as starch, cellulose, alginates, chitosan and proteins have been trialed for 
replacing conventional synthetic polymers as they are biodegradable in nature and are derived 
from renewable sources. These biobased polymers can be degraded into environmentally 
benign by-products by naturally occurring microorganisms and enzymes (Guarás, Alvarez, & 
Ludueña, 2015; Zhong & Yuan, 2013). However, the above mentioned natural biopolymers 
have not gained much attention from the industries due to their inherently poor mechanical, 
water vapour barrier properties and hydrophobicity or water repellency.  
Among biopolymers, starch is one of the most promising materials to replace the currently 
used synthetic polymers because of its abundance, renewability and ease of chemical 
modification. Starch-based materials are increasingly used in both food and non-food 
packaging applications such as wrapping films, bags, paper laminations, blow-molded bottles, 
trays and boxes (Amir, Hisham, & Abidin, 2018; Şen, Uzunsoy, Baştürk, & Kahraman, 2017). 
Conversion of starch into a bioplastic requires disruption of the starch granules and their 
crystalline structure to convert it into thermoplastic (Shanks & Kong, 2012; Xie, Liu, & Yu, 
2014). Thermoplastic starch can be produced by adding plasticizers (water, glycerol, or polyols) 
and applying a suitable degree of thermal and mechanical energy. Thermoplastic starch behaves 
like a synthetic polymer and it is possible to adapt the conventional synthetic film processing 
technique to produce starch films (Liu, Xie, Yu, Chen, & Li, 2009). This means that 
thermoplastic starch can be produced without a need of specifically designed and entirely new 
processing lines.  
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However, the use of thermoplastic starch as major component of primary or stand-alone 
packaging has suffered from its inherent brittleness, weak moisture resistance and sensitivity 
to environmental relative humidity (Averous, Moro, Dole, & Fringant, 2000; Şen et al., 2017). 
Hence, the physical structure and chemical composition of starch must be innovatively 
modified to improve the physicochemical characteristics of starch-based materials to make it 
suitable for food packaging application. It has to be modified such a way that it’s mechanical 
and barrier properties become comparable to those of synthetic polymers. The presence of 
several hydroxyl groups on starch molecules allows easy alteration of its physicochemical 
properties through chemical derivatization (Ahmed, Tiwari, Imam, & Rao, 2012). 
Starch has been modified by various physical and/or chemical processes such as blending 
with another synthetic or natural polymer, chemical modification or graft copolymerization 
with biopolymer, the addition of compatibilizers or additive to improve their compatibility (Ma 
et al., 2014; Tan, Su, Zhang, & Huang, 2015). Polymers such as poly(vinyl alcohol), 
poly(hydroxyl alkanoate)s, poly(caprolactone), polyesteramide and polyurethane (PU) have 
been the preferred materials to blend with starch (Satyanarayana & Prasad, 2016). Of above-
mentioned polymers, starch-PU hybrid materials are considered as promising due to their good 
mechanical properties, relatively good biodegradability, and biocompatibility (Duarah, Singh, 
Mandal, & Karak, 2016; Koranteng, Zhang, Wu, & Wu, 2017). Also, there are possibilities and 
range of technological options to tailor PU properties to improves its compatibility with starch. 
PUs are copolymers comprising soft and hard segments. The hard segment is derived from 
isocyanate and chain extenders and imparts rigidity to the polymer. The soft segment is 
comprised of polyols, such as a polyester or polyether and imparts flexibility to the polymer 
structure. The variation in the composition of soft and hard segments can provide a range of 
physical and mechanical properties (Costa et al., 2015; Sáenz-Pérez, Laza, García-Barrasa, 
Vilas, & León, 2017). The capability of PU to exhibit thermoplastic, elastomeric and thermoset 
properties lies in its molecular architecture; thus, it can be used in various applications 
including flexible and rigid films, foams and coating (Kausar, 2018; Noreen, Zia, Zuber, 
Tabasum, & Saif, 2016; Turan, Sängerlaub, Stramm, & Gunes, 2017). Not all PUs are 
biodegradable, however, they can be designed to make biodegradable by introducing 
hydrolysable groups. Biodegradability of PU depends on its structural feature, especially the 
composition of  the soft segment (Obruca, Marova, & Vojtova, 2011). Soft segments 
comprised of polyester or polyether polyol with hydrolysable backbone are susceptible to 
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biodegradation (Sarkar, Basak, & Adhikari, 2011). The incorporation of the biodegradable 
structural unit (i.e., an ester or ether group) into the main chain is a pragmatic approach in 
imparting higher susceptibility to microbial action under natural environmental conditions. The 
possibility of introducing biodegradability and tailoring a range of mechanical properties 
makes PU a suitable polymer for developing starch-PU hybrid materials.   
Despite above mentioned tuneable mechanical properties and biodegradability, PUs are 
incompatible with starch and give rise to micro or bulk phase separation when mixed. Attempts 
were made in the past to improve compatibility between PU and starch (Duarah et al., 2016; 
Travinskaya, Savelyev, & Mishchuk, 2014; Wu et al., 2018). Most of the works reported in the 
literature were primarily focused on modifying the chemical structure of PU and using it as a 
major component in starch-PU mixture. In starch-PU hybrid packaging materials, starch is 
preferred as a major component and PU should be used as additive or plasticizer. Also, research 
to date is focussed in using starch as filler material for the starch-PU hybrid materials to provide 
a reinforcement effect. Published research has shown that a well dispersed starch-PU hybrid 
material contains up to 20% (w/w) of starch or PU and above which phase separation occurs 
and leads to poor mechanical properties (Chethana, Prashantha, & Siddaramaiah, 2015; 
Travinskaya et al., 2014).  
Although some aspects of starch-PU hybrid materials have been studied as stated above, 
their structure-property-morphology relationship is poorly understood. There are limited 
studies that are focussed on the study of structure-function relationship of water dispersible 
starch-PU hybrid materials. Because of the lack of understanding of their incompatibility at 
molecular level, the potential of starch-PU hybrid materials has not been realised or harnessed 
in packaging application to the expected extent.  
1.2. Aim and research questions 
In the context articulated above, this project aims to develop specifically tailored or 
functionalised PU and investigate the compatibility of PU with plasticized starch and 
physicochemical properties and water repellency (surface hydrophobicity) starch-PU hybrid 
films. Creating a carefully-designed PU structure is a first step towards achieving a higher 
degree of compatibility between starch and PU and improving the physicomechanical 
properties in starch-PU films. There is a need of evaluating the efficacy of chemical grafting 
and physical blending approaches to developing starch-PU hybrid materials. Thus, this thesis 
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proceeds with a hypothesis that the level of compatibility or miscibility between starch and PU 
in starch-PU hybrid materials is dictated by the covalent and hydrogen covalent bonding, and 
the formation of interpenetrating polymer network between starch and PU. This study aims to 
investigate molecular level interactions taking place between starch and PU in order to produce 
starch-PU hybrid materials and flexible films with improved physicomechanical properties and 
water repellency. 
This study will have two key research components. Firstly, PU will be functionalised by 
altering its chemical structure so that it is (i) chemically grafted or (ii) physically blended with 
starch with relative ease. The films prepared from the above-mentioned two approaches will 
be investigated for compatibility between starch and PU, their, hydrophobicity, mechanical and 
biodegradation properties. In line with the above aim, this research sought to answer the 
following questions. 
Research Questions 
1. Can the functionalised PU improve the molecular and structural compatibility between 
starch and PU in starch-PU hybrid materials produced by chemical grafting? 
2. Can the functionalised PU improve the molecular and structural compatibility between 
starch and PU in starch-PU hybrid materials by physical mixing?   
3. How does the composition of soft segment of PU improve the morphology, 
hydrophobicity, mechanical properties in starch-PU hybrid material and films produced 
by chemical grafting or physical mixing?  
4. What is the biodegradability of these starch-PU films? 
1.3. Research objectives 
To address the above five research questions, the chemical composition and function of PU 
have to be modified and the interaction or compatibility between starch and PU needs to be 
improved considerably. Thus, the specific research objectives of this study are to: 
1. Synthesise well-defined NCO-end capped-PEG as crosslinkers with varying molecular 
weight, 
2. Synthesise well-defined ionic functionalised PUs with different soft segment 
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composition, 
3. Prepare starch-PU films from above PUs (objective 1 and 2) and investigate the effect 
of PU composition and content of crosslinkers on structural compatibility, 
hydrophobicity, and mechanical properties of starch-PU films. 
4. Determine the biodegradability of starch-PU films obtained under objective 3.  
1.4. Expected benefits of this study  
The major focus of this study is to develop flexible starch-PU films with improved 
physicomechanical properties and water repellency (hydrophobicity) for food packaging 
application. The outcomes will contribute to fundamental science that underpins the design and 
synthesis of starch-PU hybrid materials and films, especially in improving their compatibility.  
In short, this study contributes to the fundamental understanding of the structure-morphology-
property relationship of starch-PU hybrid materials and films prepared by physical blending 
and chemical grafting methods. The detailed chemical composition and structural features of 
PUs documented in this thesis will enable preparation of starch-PU hybrid materials and films 
with predictable morphology, mechanical and water repelling properties suitable for packaging 
application. Furthermore, this study will also contribute to the body of knowledge dealing with 
the biodegradability of starch-PU hybrid materials films under natural disposable environments. 
This study will open new avenues of developing novel hybrid materials of other biopolymers 
(e.g. cellulose and other biopolymers) containing-PU. 
1.5. Outline of this research 
This thesis is organized in 7 Chapters as listed below. The contents of Chapter 3 to Chapter 
5 are published in refereed journals. The content of Chapter 6 has been compiled into a 
manuscript and is submitted to a refereed journal. A brief outline of each chapter is provided 
below.  
Chapter 1: This chapter provides the background information on starch, PU and their hybrid 
and composite materials including their advantages and limitations. It highlights the current 
science, rationale of the research, the gap in knowledge and contribution of this thesis to the 
body of knowledge in the field relevant to this work. The aim, research questions and objectives 
of the thesis are also documented in this chapter.  
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Chapter 2: This chapter provides a critical review of the literature relevant to this thesis. The 
review includes current status and trends of research in starch-PU hybrid and composite 
materials. It covers PUs chemistry, morphology and synthesis methods in condensed form. The 
incompatibility between starch and PU and its negative impact on starch-PU films are discussed. 
The literature of starch-PU hybrid materials prepared by physical mixing and chemical grafting 
is reviewed and presented in condensed form. The biodegradation aspect of the PUs and starch-
PU materials are also covered. The content of this chapter is compiled a review paper format. 
Chapter 3: This chapter reports the outcome of chemical grafting approach applied to produce 
starch-PU films. The miscibility between starch and PU, structure-morphology relationship, 
mechanical properties, hydrophobicity, and thermal properties of the hybrid films are 
determined and interpreted.  The content of this chapter has been published (Tai, Adhikari, 
Shanks, & Adhikari, 2017a).   
Chapter 4: This chapter documents the effect of the molecular weight of poly(ethylene 
glycol)-isocyanate (PEG-iso) crosslinkers on the characteristics of starch-PU films. The 
Starch-PU formulations are optimised to improve properties. The formation of intermolecular 
hydrogen bonds between starch and PEG-iso crosslinker is quantified and explained. Special 
emphasis is placed in quantifying the effect of molecular weight of PEG-iso crosslinkers to the 
characteristics of starch-PU films including surface morphology, physicochemical properties 
and hydrophobicity. The content of this chapter has been published (Tai, Adhikari, Shanks, & 
Adhikari, 2017b).  
Chapter 5: This chapter reports the modification of starch-PU hybrid materials through 
physical blending of starch with anionic poly (ether-ester) urethane (AEEPU). The structural 
features, physiochemical characteristics, hydrophobicity and transparency of starch-PU films 
are measured and interpreted. The miscibility and the interaction between starch and PU are 
further investigated. The content of this chapter has been published (Tai, Adhikari, Shanks, 
Halley, & Adhikari, 2018).  
Chapter 6: This chapter documents biodegradation behaviour of starch-PU hybrid films 
determined as per ASTM D5988. The extent of biodegradation, morphological and chemical 
changes of the hybrid films during the biodegradation process are measured and analysed. The 
degree of biodegradation is also observed, measured and analysed. The content of this chapter 
is compiled into journal manuscript and is currently undergoing peer review. 
8 
 
Chapter 7: This chapter integrates, discusses and links all the findings presented in all the 
experimental chapters putting them into the context. It documents the overall conclusions, the 
contribution made by this PhD study to the body of knowledge relevant to the discipline. 
Recommendations for future research are made based on the experience gained during the 
course of this thesis.  
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Starch-Polyurethane hybrids and composites as packaging materials: synthesis, 
characterisation and biodegradation 
2.1 Abstract 
Hybrid and composite materials produced using starch and polyurethane (PU) are intended to 
replace conventional non-biodegradable materials. Starch-PU hybrid materials have shown 
promise in packaging applications. Starch is renewable and biodegradable, and its structural 
versatility allows it to be physically blended and chemically grafted with PUs. The hard and 
soft segments of PUs can be easily altered to tailor mechanical properties, biocompatibility. 
Specifically designed PUs are already approved for biomedical, pharmaceutical and food 
packaging applications. This chapter critically and comprehensively reviews the recent 
advances in science and technological innovations relevant to the development of starch-PU 
hybrid and composite materials for packaging applications. The incompatibility between starch 
and PU that leads to phase separation is currently a major problem and this review evaluates 
the advantages and disadvantages of using physical blending and chemical grafting approaches 
to overcome this problem. Literature that covers the modification of starch and PU structure to 
improve compatibility is also reviewed. Starch-PU hybrid and composite materials should 
biodegrade if they are used as biodegradable packaging materials. The literature on 
biodegradability of starch and starch-PU hybrids is also reviewed together with the test 
methods used for assessing their biodegradability.   
Keywords: Starch, polyurethane, compatibility, biodegradation, packaging, antimicrobial 
2.2 Introduction  
Non-biodegradable packaging materials, especially those derived from petroleum source are 
major polluters of land and water. Despite continuing advances in underpinning science and 
technological innovations, replacement of these non-biodegradable packaging materials with 
biodegradable ones are still a major technological challenge. Biodegradable materials derived 
from renewable sources are preferred as packaging materials as they are readily degraded by 
microorganisms prevailing in the natural environment. Application of biodegradable materials 
from renewable sources also makes the packaging industry more sustainable. 
Starch is the second largest renewable biomass that can be used to develop packaging materials 
due to its ease of chemical modification. Starch-based materials are used in daily life, in both 
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food and non-food applications such as wrapping and stretching films, bags, blow-moulded 
bottles, cutlery trays [1, 2]. However,  the application of starch-only packaging materials as 
‘standalone’ primary packaging is limited due to its inherent brittleness, poor mechanical 
properties, weak moisture resistance and sensitivity to environmental relative humidity [3, 4]. 
Hence, the physical structure and chemical composition of starch must be modified to improve 
its physicochemical characteristics to make it suitable for packaging application. Developing 
composite and hybrid materials comprising starch and other polymers have shown to overcome 
some of the limitations associated with starch [5, 6]. Among these composites, the ones 
developed using polyurethane(PU) have shown good mechanical properties, biodegradability 
and improved water repellency (hydrophobicity) and water vapour barrier properties[7, 8]. 
Also, there are range of options available to tailor the properties of polyurethanes to increase 
the molecular level compatibility between starch and PU. This author made some advances in 
underpinning science and associated technologies for developing starch-PU hybrid materials 
with improved properties that are suitable for packaging [9-11]. This was achieved by greatly 
improving the molecular level compatibility between starch and PU.  
In this context, this chapter presents a comprehensive overview of the recent advances and 
technological innovations in starch and polyurethane with special focus on starch-PU hybrid 
and composite materials, their compatibility and biodegradation. This chapter is organised in 6 
sections; a brief background is presented in section 1, section 2 presents the rationale of using 
starch and PU in packaging application, sections 3 covers approaches of synthesizing PUs and 
their compatibility with starch. Section 4 covers the approaches used to produce starch-PU 
hybrid and composite materials including the advantages and limitations of using physical 
mixing/blending and chemical grafting approaches. Sections 5 describes the biodegradation 
aspect of PU and starch-PU hybrid and composite materials. It concludes in Section 6, 
highlighting the gap in current knowledge and pointing out directions for future research.  
Scope and exclusion of this review: Many biobased and synthetic polymers can be physically 
blended or chemically grafted with either starch or PUs. This review only covers starch, PUs 
and their hybrid and composite materials including methods of synthesis and characterisation. 
The literature on modification of starch or PUs where they are subsequently used to produce 
starch-PU hybrids or composites is covered. The literature on the degradation of starch, PUs 
and their hybrid and composite materials is also very large. Thus, this review only covers the 
biodegradation and excludes oxo-, hydro-, and photo (including UV) degradation. The 
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degradation due to pure acid or alkali or their combination is also excluded. There are special 
classes of PUs that are synthesised to be used as body implants. As these particular classes of 
PUs are not hybridised with starch and not used for packaging applications, the literature on 
their synthesis, characteristics and biodegradation is also excluded. 
2.3 Starch and PUs as biodegradable packaging materials  
Important physicochemical characteristics of starch and PUs are reviewed in this the following 
sections from the viewpoint of packaging. 
2.3.1 Starch 
Starch is one of the most suitable materials for developing biodegradable packaging. It consists 
of two types of macromolecules, namely amylose and amylopectin. Amylose is a linear long 
chain macromolecule of glucose units linked with α-1, 4 glycosidic bonds, while amylopectin 
is a highly branched macromolecule having both linear (α-1, 4) and branched (α-1, 6)-linkages 
of glucose units.  
There are several reasons for preferring starch as packaging material including its renewable 
natural resources, abundance, low cost and ease of becoming thermoplastic. The thermoplastic 
starch has many properties similar to those of synthetic polymers it can be processed using the 
same equipment and processing line used to produce synthetic polymers [12, 13]. Yet another 
advantage of starch as packaging materials is that it is readily biodegraded by microorganisms 
and their enzymes occurring in natural environment. Thus, increased the application of starch 
as packaging materials greatly reduces the environmental pollution caused by conventional 
non-biodegradable plastics.  
The unique structure of starch provides opportunities to develop many composite and hybrid 
materials. The presence of several hydroxyl groups in the structure allows chemical 
modification to produce materials with improved properties. Plasticized starch can be 
incorporated into PU network as physical filler or crosslinked through physical mixing or 
chemical grafting to achieve adequate mechanical strength, flexibility, and water or oxygen 
barrier properties [11, 14]. Starch-PU packaging material for possible applications such as foam 
for cushioning material [2], injection-moulded food containers [15] and antimicrobial active 
packaging are also reported [16, 17]. Due to these possibilities, there is an increased research 
focus in developing starch-PU materials from seeds (high amylose and waxy corn, pea, and 
wheat), gums (e.g., guar) and tubers (potato, tapioca, ginger and cassava) as well as seaweed 
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(e.g., sodium alginate).   
2.3.2  Polyurethanes 
PUs are copolymers comprising hard and soft segments. The hard segment is comprised of 
isocyanate and chain extenders and provides mechanical strength to its structure. The soft 
segment consists of a polyol, such as a polyester or polyether and provides flexibility to PU’s 
structure. The possibility of varying composition of hard and soft segments gives rise to a range 
of physical and mechanical properties [18, 19]. It molecular structure also allows to introduce 
thermoplastic, elastomeric and thermoset properties in PU. Thus, PU is used in various 
applications including coating, adhesive, foams, flexible or rigid films and even in 
biocompatible heart-valve applications [20, 21].  
Not all PUs are biodegradable; however, they can be specifically designed to be biodegradable. 
Biodegradability of PU depends on its structure in general and the composition and structure 
of soft segment in particular [22]. Soft segments comprised of polyester or polyether polyol 
with hydrolysable backbone are more susceptible to biodegradation [23, 24]. Thus, the 
incorporation of the biodegradable unit (i.e., an ester group in particular) into the PU back-
bone is a pragmatic approach to impart higher susceptibility to microbial actions under natural 
environmental conditions. The possibility of introducing biodegradability and tailoring a range 
of mechanical properties makes PU a versatile polymer for developing starch-PU composites 
or hybrids as packaging materials.   
2.4 Polyurethane synthesis and starch-PU compatibility  
2.4.1 Polyurethane synthesis  
PUs are synthesised by step-growth polymerization from three main components (Figure 1): 
macrodiols, diisocyanates and low molecular weight chain extenders or cross-linkers. PU chain 
consists of repeating unit of urethane moiety (–NH–COO–).  
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Figure 1. Schematic diagram illustrating synthesis of polyurethane. 
Polyurethanes can be synthesized using bulk, solution, emulsion and suspension 
polymerization processes [25, 26]. Conventional PUs are commonly synthesised by bulk or 
solution polymerisation. It is relatively easy to control the reaction temperature, reaction rate 
and viscosity in solution polymerisation. However, the cost and removal of the solvent after 
synthesis have caused some concerns. Therefore,  the synthesis of water dispersible 
polyurethanes replacing organic solvent is gaining popularity [27]. Both suspension and 
emulsion polymerisation methods are used in synthesizing water dispersible PUs [28, 29]. 
Water dispersible PUs come with many advantages such as low viscosity at high Mw and good 
applicability compared to conventional PUs [29]. 
Synthesis of PU can be carried out in one or two-step reaction known as “one-pot” or “two-
steps” methods, respectively. In one-pot synthesis, all ingredients are mixed at a time whereas 
in two-step prepolymer method, the macrodiols are reacted in excess of diisocyanate to prepare 
NCO end-capped prepolymer followed by a chain extension to produce PU [30]. The two-step 
reaction is preferred as it allows better control of the reaction and produces PUs with better-
defined structure and physical properties [31, 32]. The polymerization method should be 
chosen such a way that it produces a PU-that it more compatible (i.e. less microphase separation) 
with starch. 
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2.4.2 Starch-PU compatibility  
Despite tuneable mechanical and biodegradability of PUs, they are incompatible with starch 
and produce microphase separation when mixed. The high polarity of hydroxyl groups in starch 
molecules favours intermolecular attraction between themselves, which leads to poor 
interaction between starch and PU molecules. The incompatibility between starch and PU is 
also caused by the latter’s relative hydrophobic in nature [33]. The thermodynamic 
incompatibility between starch with PU arises due to  multiphase morphology of PU and 
entropy gain during mixing with starch due to restrictions imposed by the different molecular 
chain length [34]. Accordingly, if PUs with low molecular weights are used and the 
polymerisation is carried out simultaneously with crosslinking, phase separation can be 
kinetically controlled to a greater degree.  
The compatibility between starch and PU can be significantly affected by the way starch is 
processed.  Native starches are semicrystalline in nature, thus, they are inherently brittle and 
lack thermoplastic properties. With the addition of plasticizer (water, glycerol, or polyols) 
followed by simultaneous heating and agitation, native is converted into thermoplastic starch 
(TPS) [35, 36]. TPS has better miscibility with PUs compare to the native starch powder. The 
favourable or unfavourable interactions between starch and PU play an important role in 
determining the compatibility of the blends. A sound understanding of miscibility–structure–
property relationships of starch-PU hybrid materials is essential for fully utilising their 
potential as packaging materials.   
2.5 Approaches for preparing starch-PU hybrid materials 
Research has been carried out to improve the compatibility between starch and PU. Two major 
approaches are adopted in preparing starch-PU hybrids to include (i) physical mixing or 
blending of starch and PU and (ii) chemical grafting of starch and PU with covalent bonding 
between starch and PU. Figure 2. Illustrates various method intended for starch-PU 
modification.  
Film formation behaviour is an important parameter and it influences the properties of the 
resultant films. Starch-PU showed exceptional mechanical properties when both are 
compatible and most cases PU was used as the major component in the starch-PU matrix. In 
starch-PU hybrid packaging materials, starch as a major component is desirable.   
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Figure 2. Illustration of two approaches used to develop starch-PU hybrid materials. (A) 
Physical mixing and (B) Chemical grafting.  
2.5.1 Starch-PU physical mixing or blending 
Physical blending has been a method of choice due to its operational simplicity. Hence, PU 
ionomer are synthesised by incorporating hydrophilic soft segments or ionic pendant groups 
into the PU back-bone to make them either soluble or dispersible in water [37, 38]. The 
hydrophilic groups can be non-ionic, anionic, cationic or zwitterionic. These water dispersible 
PU (WPU) usually has low molecular weight and contain pendant carboxylic or sulphonic 
groups, or quaternary ammonium salts [11, 37]. These ionic moieties act as internal emulsifiers 
or self-emulsifiers and improve the dispersibility of PUs in water.  In aqueous medium, these 
ionomers separate into tiny spheres orienting hydrophobic moieties towards the core and ionic 
group towards the surface. These ionomers act as electrically charged moieties and exert 
coulombic force. The interaction between these charged moieties of WPUs with starch 
strengthens the intermolecular forces and results into physical crosslinking. WPUs possess high 
surface energy which provides the necessary driving force for film formation once the water 
evaporated. The ionomeric architecture of WPU is presented in Figure 3. 
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Figure 3. Schematic representation of water dispersible PU (WPU)’s ionomer architecture (A); 
Anionic (B) and Cationic (C) PU dispersed in water. Anionic PU carries carboxylate groups 
whereas cationic PU carries quaternary ammonium groups and they form electric double layer 
with their counter-ions [39].  
Most of the studies that have prepared starch-PU hybrid materials using the physical mixing 
method have used gelatinised starch and anionic PU dispersion. Dimethylol propionic acid 
(DMPA) was the most commonly used emulsifier to prepare these anionic PU ionomers. Table 
1 summarises some representative publications reporting the preparation of starch-PU hybrid 
materials using this approach. These PUs are poorly dispersible in water. Although anionic PU 
ionomers have been used to produce starch-PU hybrid materials, the PU ionomers content was 
limited to 20 wt % above which phase separation occurred and resulted in poor mechanical 
properties [40, 41]. Reports also showed that phase separation occurred in these formulations 
as low as 15 wt % of PU ionomer [7, 40]. However, strong mechanical  mixing(e.g. extrusion) 
was used  the presence of  20 wt % [15] or even 30 % [42] of PU ionomer in starch-PU 
hybrids showed homogeneous morphology and good miscibility. The strong mechanical 
mixing aided the plasticization and dispersion of starch and PU molecule and prevented the 
phase separation [15, 43]. In most cases, incorporation of compatibilizer or coupling agent in 
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the formulation is the better way to enhance compatibility between PU and starch. Film casting 
method is generally not desirable for incompatible materials unless controlled  phase 
separation is intentionally designed for the formation of the bilayer film structure [44].  
Table 1. The preparation of starch-PU hybrid materials by physical mixing. WPU = water 
dispersible polyurethane. 
Type and form of 
starch 
Starch or PU 
content 
Result/ remarks  Ref.  
Starch-anionic PU prepare by solution casting  
Plasticised pea starch  
10 -50 wt % WPU 
content 
Phase separation when WPU above 20 
wt %. 
[41] 
Gelatinized wheat 
starch  
10 -100 wt % WPU  
Phase separation when WPU above 20 
wt %. 
[45] 
Plasticised corn starch  0 - 30 wt % starch 
Phase separation when starch above 15 
wt %. 
[33] 
Plasticised high 
amylose corn starch 
50 - 100 wt % starch 
Good miscibility of starch and AEEPU in 
any ratio of starch/AEEPU content. 
 
[11] 
Plasticised waxy maize 
starch  
0 - 70 wt % starch  
Phase separation when starch content in 
between 10 - 40 wt %.  
[46] 
Starch-anionic PU prepare by extrusion and or mortar-pestle crush and compression moulding  
Plasticised starch   
  
5 - 30 wt % WPU Good miscibility up to 30 wt % WPU. [42] 
10 – 40 wt % starch Good miscibility more than 20 wt % TPU. [15] 
0 - 30 wt % WPU  
Phase separation when WPU above 15 
wt %. 
[40] 
 
Understanding the structure-function relationship between starch and PU is importance to 
improve their compatibility. Wang et. al (2009), studied the relationship between the 
rheological and mechanical properties of water dispersible polyurethane (WPU)/starch 
aqueous dispersions using glutaraldehyde as crosslinker. The mechanical properties of the 
composite materials were correlated to the microstructure of the gels, gel strength. When starch 
content was between 10 % and 40 %, it dispersed in the crosslinked WPU matrix that led to 
the formation of a weak factual gel. When the starch content in the formulation increased to 
50 %,  it formed a strong gel with improved  tensile strength and Young's modulus [46].  
Tai et al. (2018) reported that apart from electrostatic interaction between WPU and starch to 
improve the miscibility of the blends, factors such as particle size, the types of polyol used 
(polyester or polyether) and external emulsifier played a significant role in reducing the phase 
separation. Small particle size was preferable because they were able to fill the voids in the 
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structure of packaging materials to make the denser [28]. Polyester and polyether polyols with 
molecular weight of 1000 g/mol were used to synthesis the anionic PU [11]. Anionic polyether 
PU was found tended to produce PU in with smaller particle size, however, the PU produced 
in this way had poor miscibility with starch because ether oxygen exhibited weaker affinity 
with starch and failed to form hydrogen bond with starch. Whereas, the PU produced by using 
anionic polyester also had strong carbonyl oxygen groups that tended to flocculate itself due to 
its bigger molecules and it was unable to effectively penetrate the starch chain [11]. However, 
the ester carbonyl oxygen groups in these anionic polyester PU’s were able to form hydrogen 
bonds if these PUs were used at low concentration. Since gelatinised starch is non-ionic, an 
external emulsifier sodium dodecyl sulfate (SDS) was added in the formulation to induce ions 
and improve the compatibility between starch and PU. SDS is able to penetrate the starch chain 
to form amylose-SDS inclusion complexes [47]. These inclusion complexes are anionic and 
thus they are able to interact with PU ionomers (-COO-NR3
+) (Figure 4).  
Anionic poly(ether-ester) polyurethanes (AEEPU) were developed with controlled particle size. 
A proper mix of ether and ester polyols and external emulsifier was essential in avoiding phase 
separation at starch content in the starch-AEEPU hybrid materials and films. AEEPU had good 
compatibility with starch due to physical entanglement and hydrogen bonding between ionic 
groups of the AEEPU and starch and allowed better intercalation between starch and AEEPU. 
A schematic diagram showing the synthesis of AEEPU and its interaction with starch is 
presented in Figure 5. The starch-AEEPU film with 50 wt % starch showed elongation at break 
(187%), Young’s modulus (383 MPa), contact angle (112˚) and transparency similar to those 
of LDPE [11].  
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Figure 4. Schematic diagram showing synthesis of AEEPU and its interaction with starch [33].  
2.5.2 Preparation of starch-PU hybrid materials by chemical grafting  
Grafting-to and grafting-from approaches are most commonly used in chemical modification 
processes where a polymer’s chains can be covalently grafted to the surface of the substrate 
and reactive end-groups in the polymer backbones [48]. The reactions to produce starch-PU 
hybrids and composites can be carried out using three methods. The first method involves 
single-pot or two-step prepolymer formation followed by direct casting, aqueous or solvent 
casting. The second method involves intensive mixing followed by compression moulding. The 
third method involves extrusion followed by compression moulding. In most of the cases starch 
is added during the reaction to form covalent bond with isocyanates. The performance of the 
hybrid and composite materials depends on the structure of both starch and PU. Several 
methods of incorporating starch into PU through chemical grafting are in practice are 
summarised in Table 2. The advantages and limitations of these methods discussed in this 
chapter.   
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Table 2. Methods of producing starch-PU hybrid materials by chemical grafting approach. 
Films were produced by aqueous and solvent casting. 
Carbohydrate forms  Methods used for synthesis  Starch or PU content  Ref.  
Direct casting  
Potato starch powder  One-pot method 0.375 - 1.125 moles of starch  [49] 
 
Starch powder  One-pot method 0.66 - 1.5 moles of crosslinker  [50] 
Potato starch powder  One-pot method or two-steps 
prepolymer method 
0 - 41 wt % starch [51] 
Aqueous casting 
Thermoplastic oxidised 
corn starch 
Two-steps prepolymer 
method  
1 - 15 wt % oxidise starch  [52] 
Vinyltrimethoxysilane 
(VTMS) starch  
 UV curing               2 - 10 wt % VTMS [53] 
Gelatinized corn starch and 
wax 
Two-steps prepolymer 
method 
1 - 20 wt % of PEG-iso  [54] 
Plasticised high amylose 
corn starch  
Two-steps prepolymer 
method  
2 - 20 wt % Peg-sio  [9, 10] 
Solvent casting method 
Starch  One pot method 0.66 - 1.0 moles of crosslinker [55] 
Benzyl starch (BS) powder  Two step Prepolymer 
method  
5 - 70 wt %of BS [56] 
Benzyl starch (BS) or ethyl 
starch (ES) powder  
Two step Prepolymer 
method 
10 - 40 wt % of BS or ES [57] 
Hyperbranched 
starch-based epoxy 
(HBSE) 
Two-steps prepolymer 
method  
11 - 17 wt % of starch  [58] 
Maltodextrin (MD) Two-step prepolymer 
method 
0.5 - 4/1 ratio of MD/PUP [59] 
 
2.5.2.1 Starch powder and thermoplastic starch  
Regardless of methods used if unplasticised starch is used to prepare starch-PU hybrid 
materials or films, phase separation occurs. For example, Ha and Broecker (2003) showed that 
when unplasticised starch powder was used, phase separation occurred when starch content 
was above 20 wt % for one-pot synthesis and 27 wt % for the two-steps prepolymer synthesis 
method [51]. Phase separation or segregation occurred due to the low degree of grafting 
between the starch granules and the PU. However, if reaction conditions, filler content and 
synthesis method are judiciously chosen the performance of the hybrid materials can be 
improved. For example, increase of hard segment or catalyst concentration favours the 
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allophanate/ biuret crosslinking in polyurethane phase. Also, the two-step method produces 
more thermally stable hard segment due to the better alignment of polyurethane chains [51].  
Cao and Zhang (2005a, 2005b) functionalised starch with benzyl and ethyl groups to enhance 
the interpenetration and interactions between the functonalised starch powder with PU 
prepolymers and reported an improvement in interfacial attraction and better phase mixing. 
However, phase separation occurred when the concentration of benzyl starch and ethyl starch 
increased above 40 wt % and 30 wt %, respectively [56, 57]. Ethyl starch tends to aggregate 
due to its stronger hydrogen bonding and leads to macro‐phase separation.  
Tan et al. (2015) prepared starch-PU hybrid materials from corn starch powder (CS) and 
thermoplastic starch (TPS) using twin screw extruder. The authors reported a significant phase 
separation at 20 wt % starch powder (Figure 5). A clear separation of starch particles and PU 
was observed (Figure 5B). However, no phase separation occurred when thermoplastic starch 
was used (Figure 5C) [15]. Thus, if unplasticized is used to produce starch-PU hybrid materials, 
substantial phase separation would occur irrespective of the processing methods used.  
 
Figure 5. SEM images of (A) Thermoplastic PU (TPU); (B) TPU/20CS; (C) TPU/20 TPS. CS = 
corn starch powder, TPS = thermoplastic starch (Reproduced from ref. [15] with permission 
from the Royal Society of Chemistry).  
Many studies have been carried out to produce thermoplastic starch-PU hybrid and composite 
materials using PU prepolymer through intensive mixing/ extrusion followed by compression 
moulding [60-62] (Table 3). As shown in Figure 6, crystalline starch granules when plasticized 
by water under shear and heating. PU prepolymer was reacted with water (an effective chain 
extender) to form crosslinked PU micro-particles and residual NCO groups of the PU further 
reacted with TPS. The reaction efficiency of TPS to isocyanate group was reported close to 
100% [60]. Wu et al. (2008) reported that PU-microparticles can be used as a modifier to 
improve the toughness of the TPS matrix.  
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Figure 6. Preparing of thermoplastic starch modified with PU micro-particles [60]. 
To improve the hydrophobicity or water repellency of the starch-PU films, studies were 
conducted by mimicking the hydrophobic characteristic of the surface of lotus leaf, known as 
“the lotus effect” [9, 10, 54]. Poly(ethylene glycol) (PEG) was introduced into the matrix as an 
amphiphilic macromolecule. The hydroxyl groups of PEG also act as spacer or linker moiety 
when they are converted into reactive functional groups [74]. The OH group of PEG was end-
capped with isocyanate (-NCO) group to form PEG-isocyanate (PEG-iso) crosslinker [9, 10, 
54]. This PEG-iso can interact with starch matrix to form a stable urethane linkage. Muscat et 
al. (2014) reported covalently anchored natural waxes onto the surface of starch using PEG-iso 
to improve the film’s hydrophobicity and water barrier properties. Although desired coverage 
of film surface by the tested wax samples was not achieved, nevertheless, they reported 
achieving a contact angle value of 90˚[54]. Tai et al., (2017a and 20017b) used PEG-iso 
crosslinker to chemically graft to OH groups of starch to create polyether urethane network. 
The resultant films showed significantly improved surface hydrophobicity (contact angle of 
110˚) and flexibility (elongation at break of 1000%)[9, 10].  
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Table 3. Methods of producing starch-PU hybrid materials by chemical grafting technique 
prepared by intensive mixing or extrusion and compression moulding. 
Carbohydrate forms  Methods used for synthesis  Starch or PU content  Ref.  
Intensive mixing and compression moulding  
Thermoplastic corn 
starch 
Two-step prepolymer method 80 wt % TPS [63] 
Two-step prepolymer method 70 wt % corn starch [64, 65] 
[66] 
 Two-step prepolymer method 57 wt % corn starch [67] 
Two-step prepolymer method 20 wt% PU [68-71] 
Two-step prepolymer method 10 - 40 wt % of PUP [60] 
Two-step prepolymer method 0 - 20 wt % PUP [62] 
 Extrusion/two roll mill & compression moulding  
Gelatinized corn 
starch  
 
Two-steps prepolymer method 5 - 20 wt % of PUP  [61] 
 Grafting using a 
compatibilizer  
10 - 40 wt % of TPS  [15] 
Unmodified and 
propionate cassava 
starch powder (PCS) 
TPU and modified starch.   20 - 60 wt % PCS  [72] 
Thermoplastic corn 
starch 
One-pot system. 30 - 50 wt % corn  [73] 
 
2.5.2.2 Modification of starch  
Use of modified starch is another approach to improve compatibility. There are several ways 
of modifying the starch, for example by partial hydrolysis of the starch using acid (nitric acid, 
sulfuric acid and propionate anhydride). Starch can also be modified using the oxidation agent 
(hydrogen peroxide and Copper (II) sulfate pentahydrate), reactive organochlorine (benzyl 
chloride), ethylating agent (diethyl sulfate), and organosilicon product (vinyltrimethoxysilane 
(VTMS) Incorporate epoxy functional group into the starch chain also modifies the structure-
function of starch. These modifications are intended to improve the interaction between 
isocyanates or urethanes with starch.  
Santayanon and Wootthikanokkhan, (2003) developed propionate starch-blended polyester 
polyurethane using propionic anhydride as an esterifying reagent. The hydroxyl groups of 
starch were successfully converted ester groups which reacted better with polyester 
polyurethane. They showed through SEM imagery that the propionyl starch was well 
embedded and formed a continuous phase in the starch-PU matrix. The hybrid film produced 
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using the starch-blended polyester polyurethane showed an improved mechanical properties 
and reduced moisture sensitivity compared to normal starch-PU films. The disadvantages 
associated with these films was that the propionyl groups were slow to biodegrade (3% mass 
loss in 90 days)  than normal starch-PU  films ( 50% mass loss in 90 days) [72].  
Maltodextrin (MD) based polyurethane (MDPU) was prepared by reacting MD with PEG-PU 
prepolymer (PEG-PUP). The PEG-PUP and MD had better miscibility, and their hybrids had 
improved thermal stability and mechanical properties in thermoset and thermoplastic MDPUs. 
MDPU with 66% of PUP (MD to PU ratio = 0.5 to 1) behaved like thermoset with good 
elasticity and thermal stability due to their highly crosslinked structure. MDPUs synthesised 
using higher MD to PUP ratios behaved like thermoplastic and showed increased elongation 
due to weakly crosslinked structure and more pronounced plasticization. The branching of MD 
facilitated the water diffusion, however, incorporation of PEG-PU had an opposite effect. The 
resulting large number of PUP linkages create crosslinking among amylopectin and amylose 
and produce insoluble gel (Figure 7(D)). However, when the crosslinking density is low, the 
resulting MDPUs become more soluble in water [59].  
 
Figure 7. Schematic diagram of conversion of starch into maltodextrin (MD) and the reaction 
of MD with polyurethane prepolymer (PUP): starch granule (A), hydrolysis starch (B), 
debranching of starch granules to produce MD (C). The structure-solubility relationships of 
maltodextrin-polyurethane (MDPUs) that relates to the formation of gel. High degree of 
crosslinking (D), medium degree of crosslinking (E) and low degree of crosslinking (F) 
structures. Adapted from [59].  
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When an oxidised starch containing multiple hydroxyl and carbonyl groups were reacted with 
PUP to form a crosslinked structure it restrained the migration of hydrophilic groups to the PU 
surface. This approach significantly increased the tensile strength, Youngs’ modulus, 
elongation, and hydrophobicity due to the chemical crosslinking and hydrogen bonding 
between the oxidised starch and [52]. 
Transparent hybrid films were prepared by reacting benzyl starch (BS) with polyurethane (PU) 
which formed semi-interpenetrating network (IPN) method. The formation of IPN enhanced 
the miscibility by interlocking polymer chains. IPN structure is formed when two or more 
polymer blends are held together by permanent entanglement [75, 76]. The presence of benzyl 
side group in starch chain allows the starch to penetrate into the PU network easily and form 
semi-IPNs with PU prepolymers. Results indicated that the hybrid films produced using BS 
and PU had higher miscibility due to increased interaction between them. When the 
composition of BS was less than 20 wt %, the BS-PU matrix showed good miscibility and the 
films produced using this formulation had high light transmission and flexibility [56, 57].  
Lee and Kim (2012) produced a hybrid PU film by reacting vinyltrimethoxysilane (VTMS) 
modified starch with WPU and then curing the vinyl groups with UV light to form covalent 
bonding between starch and WPU. The VTMS-starch molecules acted as crosslinking points 
to bridge the PU molecules in the network. This type of crosslinking improved the 
hydrophobicity and hardness of the films while the modulus and material strength also 
increased with the increase in VTMS content. The biodegradability study also revealed that 
VTMS enhanced the biodegradability of the hybrid films. Both the VTMS-starch and WPU in 
the hybrid film underwent similar degradation in α-amylase solution when compared to the 
unmodified starch-WPU films [53].  
 Hyperbranched epoxy starch-polyurethane (HPU) hybrid material was designed and studied 
by Duarah et al. (2016). Hyperbranched epoxy starch was crosslinked with PU prepolymer to 
form HPU. HPU was biodegradable, biocompatible and was reported to be suitable for use in 
medical implant devices. The hyperbranched structure of the epoxy starch favours the 
interaction with PU and leads to increased physical crosslinking. The HPU exhibited strong 
mechanical properties (17 MPa tensile strength, 1450% elongation, >100 cm impact strength, 
163 MJ m−3 toughness and 6.5 kg scratch hardness) at ambient room temperature as well as in 
wet condition [58].  
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2.5.2.3 Modification of polyurethane structures  
Creating desirable polyurethane structure is the first step towards obtaining starch-PU 
packaging materials with desired physiochemical and mechanical properties. The effect of the 
chemical composition of hard and soft segment, NCO/OH ratio, molecular weight of soft 
segment and polyurethane structure on the physicochemical and mechanical properties of 
starch-PU hybrid materials are discussed in this section.  
Soft segment comprised of polyol provides elastomeric characteristics in PU films. The 
selection of polyester or polyether polyol and the control of their molecular weight play an 
important role in improving the flexibility of the starch-PU film. It has been shown that the PU 
produced by using polyester polyol shows better mechanical properties; however, it is 
hydrolysed quite easily. On the other hand, the PU produced using polyether polyol shows 
better resistance to hydrolysis, good water vapour permeability and flexibility [77, 78]. 
Polyester polycaprolactone (PCL) polyols are increasingly used to prepare starch-PU hybrid 
materials due to their toughness, relatively high hydrophobicity and biodegradability. PCL-
based PU prepolymer (PCLPUP) were used as crosslinker to prepare starch-PCL hybrid 
materials. The addition of PCLPUP effectively improved the compatibility of starch-PCL 
matrix [64]. Branched PCL polyols (e.g., PCL-diol, PCL-triol and PCL-tetrol) were used to 
synthesize starch-PU [67]. The results showed the increase in –OH groups in polyol of PUP 
increased the number of NCO group and led to increased interactions between starch and PU 
and thus, improved the hydrophobicity, thermal stability and toughness in starch-PU films. The 
PCL-tetrol hybrid film showed much higher tensile strength and toughness due to the densely 
crosslinked structure [67]. 
The length of soft segment of PU greatly affects the performance and that the increase in the 
molecular weight of polyol  results into increased microscopic phase separation, crystallinity 
and disordered structure in the soft segment  [79, 80]. For example, Zhang et al. (2015) 
synthesised starch-PCL-PU incorporating different molecular weights of PCL-diol prepolymer 
(PCL-PUP). Results showed that PCL-PUP produced using low molecular weight PCL had 
better compatibility with starch. An increase of Mw of PCL in PCL-PU soft segment reduced 
the level of interaction between the starch and PCL-PUP and led to the formation of cavities in 
the PCL-PUP and reduced the strength and elongation [81]. Tai et al. also reported that the 
mechanical properties and surface hydrophobicity of the starch-PEG-PU films were greatly 
affected by the hydrogen bond density, degree of chain entanglement, crystalline structure and 
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compatibility between starch and PEG-PU in the films [10].  
The hard segments of PU act as physical crosslinking and reinforcing units to provide rigidity 
to the packaging films. It is reported that increasing the NCO to OH ratio resulted into higher 
crosslinking which favoured interaction between PUP and starch, and thus, improved the 
compatibility between them [49, 70]. In addition, the nature of diisocyanate used, i.e., 
methylenediphenyl diisocyanate (MDI), Toluene diisocyanate (TDI), isophorone diisocyanate 
IPDI) and hexamethylene diisocyanate (HDI) greatly affected the level of reactivity and 
miscibility with starch [66, 71]. In general, TDI-based PU formulation performed better 
compared to IPDI-based PU as the aromatic isocyanate group in TDI higher reactivity with 
starch than cyclo-aliphatic group in IPDI. TDI reacts faster with the hydroxyl groups of the 
starch hydroxyl group before it is consumed by water. On the other hand, the NCO group of 
HDI was consumed by water before it could react with starch [71]. Leng et al. (2011) also 
reported that improved mechanical properties and hydrophobicity of composites were prepared 
by using hydrophobic PU-microparticles and starch[63]. It also reported that aliphatic HDI or 
IPDI‐based hard segments favoured micro‐phase separation whereas the rigid aromatic TDI or 
MDI favoured homogeneity and improved compatibility between starch and PU [66]. 
2.5.2.4 Use of compatibilizer  
Compatibilizers or coupling agents are used to promote interfacial adhesion between two 
immiscible polymers. Many different types of compatibilizers are used in order to improve the 
miscibility between starch and PU. Polyolefin elastomer (POE) was successfully used to 
improve the miscibility of starch and thermoplastic PU (TPU). POE showed good interaction 
with starch and TPU by decreasing the interfacial tension between starch and TPU. Starch/TPU 
(20 wt %)/POE (10 wt %) showed the best performance with good folding endurance (>30.0 × 
103), notched impact strength (no break), elongation at break (>800%) [15].  
Although many techniques were used to prepare starch-PU via physical mixing or chemical 
grafting, the optimum compatibilization of both starch and PU reaction lies in the extent of 
reaction between starch and PU. The structure and properties of the starch-PU hybrid material 
can be controlled with the proper selection compatibilisers.  
2.6 Biodegradation of PU and its hybrids and composites with polysaccharides   
There was about 2.5 million tonnes, or 103 kg per person of plastic waste generated between 
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2016 and 2017 out of which 12 % was recycled,  87 %  was landfilled and 1 % was used to 
generate energy  [82]. The increased consumer rejection of single-use plastic bags has taken 
the waste reduction efforts to a central focus. The major advantages of biodegradable polymers 
are that they can be degraded into natural compounds such as water, carbon dioxide, methane 
and other degradation products by microorganisms and can be safely assimilated to the nature 
[83]. Since starch-PU materials have shown promise in packaging application, understanding 
their biodegradation behaviour is important. 
Polymers with hydrolysable backbones, such as polyesters, polyethers, polysaccharides and 
polyamides are susceptible to biodegradation. These materials can be degraded by acid or base 
and enzymes produced by microorganisms such as fungi and bacteria, which are widely 
available in soil and water. Although PUs are reported to have slower biodegradation, 
nevertheless they can be designed to be biodegradable [84, 85]. The incorporation of 
polysaccharides in PU matrix has shown to enhanced its biodegradation tendency [7, 58]. The 
studies on the biodegradation PUs, so far, are mainly focused on the process and mechanism 
of biodegradation [86, 87]. These studies have shown that biodegradation of PU and their 
hybrids and composites depends on the chemical structure of PU and the nature of incorporated 
non-PU components. Recent literature on biodegradation of PU and starch-PU hybrid materials 
in aerobic soil condition is reviewed below. 
2.6.1 Biodegradation of PUs  
Biodegradation of PUs depends on their chemical structure, i.e.  urethane (hard) segment and 
polyol (soft) segment. Thus, their biodegradation can be tailored through an appropriate choice 
of the polyol (i.e., polyester or polyether polyol). It is reported that the polyester urethanes are 
more susceptible to hydrolytic degradation while polyether urethanes are more susceptible to 
oxidative degradation [86, 88]. Microbial enzymes are able to degrade polyester polyurethane 
faster than polyether polyurethane [89, 90]. The ester linkage undergoes hydrolytic degradation 
in the presence of nucleophilic agents including acids or bases and water. This hydrolytic 
cleavage makes the polyester PU amenable to microbial action. On the other hand, 
biodegradation of polyether PU requires cleavage of its aliphatic ether to aldehyde and further 
dehydrogenation to carboxylate acid derivative [23, 91]. The oxidative degradation of 
polyether PU requires actions of three enzymes, i.e., PEG dehydrogenase, PEG-aldehyde 
dehydrogenase, and PEG-carboxylate dehydrogenase (ether-cleaving) for complete 
degradation of PEG urethane linkage. 
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PUs prepared from aliphatic diisocyanates are reported be the most susceptible to 
biodegradation followed by those prepared from diisocyanates with aliphatic cyclic and 
aromatic  ring structure  in decreasing order [92, 93]. The biodegradation rate was found to 
be slowed down by the microcrystalline regions in the case of the diisocyanate with aliphatic 
structure.  In the case of PU synthesised by aromatic diisocyanate, the hydrophobic hard 
segment is more rigid and slows down the hydrolytic degradation [94]. Also, the relatively high 
hydrophilicity of monocyclohexyl moiety in IPDI showed increased degradation compared to 
dicyclohexyl group of H12MDI‐based PU [95]. The hydrolytic degradation is highest in 
nonhydrogen‐bonded carbonate and the lowest in hydrogen‐bonded  urethane [96].  
Biodegradation of PU also depends on its polymer structure such as molecular orientation, 
crystallinity, molecular weight/ chain length, crosslinking and chemical groups present in the 
molecular chains. The difference in any of these factors affects the accessibility of the structure 
to the degrading enzymes [87, 97, 98]. PU degradation is reported to proceed in a segment 
selective manner, with soft segment amorphous regions degrading first followed by the 
crystalline hard regions. For example, atactic poly(3-hydroxybutyrate) (PHB) degraded faster 
than the crystalline PHB due to its amorphous structure [99]. In contrast, PCL-PU were 
reported to degrade faster than the polycarbonate (poly(trimethylene carbonate) (PTMC))-PU 
because the carbonate group is less hydrolytically susceptible than ester group, although PTMC 
has non-crystalline structure [97]. Copolymer PCL-PHB-PU also reported to degrade slowly  
compared to PCL-PU due to the presence of crystalline PHB segments which are less 
susceptible to hydrolytic degradation  [98].  
The PUs with long repeating diol units and hydrophilic groups are reported be more responsive 
to biodegradation [23, 100]. However, Watanabe et al. (2009) found that the biodegradation 
rate of PCL-PU increased as the molecular weight (Mn) of PCL diol increased from 500 to 
1000 and then decreased as the molecular weight of the PCL diol increased further from 1200 
to 2000 which the authors attributed to the recrystallization of PCL diol [101]. Biodegradation 
of PCL diol (Mn from 500 to 800) in soil burial was up to 20.4 % (weight loss), whereas that 
of PCL triol (at the same Mn range) was negligible. This was attributed to the increased 
crosslinking among the PCL triol-PU matrix [101]. Interestingly, in the case of PCL diol and 
triol at high Mn (2000), PCL triol-PU showed higher biodegradation (54.3 %) compared to 
PCL diol-PU (9.7 %). This is because the triol structure in high Mn range prevents re-
crystallization of PCL chain [101]. 
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The hard segment of PU degrades slower than then its soft segment because the urethane bonds 
that produce hard segment are less susceptible than the ester/ether bonds that produce soft 
segments [102, 103].  Thus, the degradation of PU is governed by its soft segment. 
Hydrophilic or water dispersible PUs are more responsive to biodegradation. PU with low hard 
segment content is more biodegradable than PU with high hard segment content [94]. This is 
because the hard segments act as crosslinker in the PU structure to yield more ordered structure 
and thus resist biodegradation [103]. 
2.6.2 Test methods used to measure PU biodegradation 
There are a number of standardised test methods to measure and analyse plastic degradation 
and biodegradation. One of the  most commonly used methods is the one proposed by the 
American Society for Testing and Materials (ASTM)(ASTM D5988, D5388, D5488 D 6400) 
[83, 104]. Many factors need to be considered when choosing the appropriate test methods to 
measure and analyse the degradation of PUs including the type of PU polymer, chemical 
structure (hydrophilic or hydrophobic groups), environmental degradation condition 
(temperature, relative humidity, water content in burial medium), buffer solution and types of 
microorganisms which may come to contact with PU during biodegradation [104, 105]. The 
test methods used to measure the degradation of PUs are modified version of ASTM’s test 
methods that take into account the above-mentioned factors and parameter. For instance, 
specific bacteria and fungi have been isolated from soil to performed in-situ biodegradation of 
PUs under laboratory conditions. This is because fungi are the most capable microorganism to 
degrade polyester PU under soil burial test [106]. 
The process of degradation of PU is quite complex and involves multiple degradation 
mechanisms. Therefore, the methods applied to determine the degradation of PU can be 
grouped depending on the degradation mechanism. For example, the test methods can include 
protocols measuring and enumerating hydrolytic degradation or oxidative degradation that are 
performed in a standard buffer solution with different pH; or with accelerate chemical 
hydrolysis in the presence of nucleophilic agents (eithers acid or alkalis); enzymatic hydrolysis 
in buffer solution, microbial growth on PUs surface, soil burial and composting. 
Biodegradation of PUs can involve degradation under soil burial or composting. It can also 
occur solely due to bacteria, fungus and enzymes. These aspects and the methods used for 
measuring the biodegradation are listed in Table 4. 
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Table 4. Test methods used for assessing biodegradation of polyurethanes.  
Test 
method  
Test Parameter and duration of test 
Method of measuring 
degradation 
Ref.  
Soil burial or composting test  
Soil burial   
Soil supplemented with Fungal ribosome, 
Pseudomonas, Aspergeli origae and Strepto 
coccus species, at 25–32˚C, 180 days. 
Weight loss, FTIR, SEM, 
Tensile test  
[23] 
Soil, 20 ± 5˚C, 40 days. 
Weight loss, tensile test, SEM, 
FTIR 
[84] 
Farmland, hard, silty, sandy, and clay soil, 
ambient temperature, 180 days. 
Weight loss, FTIR, tensile test, 
TGA, SEM  
[89] 
Mixed soil 
and compost   
1:1 ratio soil and compost, temperature: 25, 
45, 50˚C, 12 weeks.  
Visual changes, SEM, tensile, 
Genomic DNA extraction  
[106] 
Composting  
John Innes compost, control 15 – 100% water 
holding capacity, 20±5˚C, 44 days. 
Tensile test, SEM, rDNA fungi 
strains sequencing 
[107] 
White button mushroom compost with P. 
aeruginosa (ATCC 15692), 37 °C, 4 weeks.  
Visual appearance  [108] 
Bacterial, Fungus and enzymatic degradation  
Bacterial 
degradation 
Bacterial strain: Pseudomonas aeruginosa 
(NCCS, Pune, India), 37˚C, 30 days. 
Weight loss, FTIR, Tensile test [23] 
Bacterial strain: Pseudomonas aeruginosa 
(MTCC 7815, MTCC 7814 and PN8A1), 
37 °C, 12 days. 
McFarland turbidity method, 
SEM, optical micrographs 
[89] 
* Bacterial strain: Bacillus subtilis (MZA-75), 
37˚C, 4 weeks.  
* CO2 evolved trapped in 1M KOH, and 
titration with 0.1M Barium chloride.  
Bacterial isolation, FTIR, 
SEM, GPC, GC-MS, CO2 
evolution, Esterase activity 
assay 
[109] 
* Bacterial strain: P. aeruginosa (ATCC 
15692) 
* PBS pH 7.4, 37 °C, 2 weeks.  
*Agar plates: 1% w/v agar in 200 mM Tris–
HCl, pH 8.5, 30 °C, 3 days.  
Visual observation, Optical 
microscopy images, FTIR, 
weight loss, GPC, AFM 
[108] 
Fungus 
degradation  
 
Fungal isolate: A. tenuissima, 28˚C, 60 days. 
ASTM G21, FTIR, tensile test, 
SEM, visual observation 
[110] 
Fungal isolate: F. graminearum, 28˚C, 130 
days. 
ASTM G21, FTIR, 
mechanical 
[111] 
* Fungal spores A. niger (ATCC 16404), 
30 °C, 28 days.  
* CO2 release under liquid media assay and 
soil assay. 
ISO 14852, ISO 17556, FTIR, 
SEM, optical microscopy 
observation. 
[112] 
Enzymatic 
degradation 
PBS with lipase, pH 7.4, 37°C, 11 weeks. 
Weight loss, visual 
observation 
[113] 
Pseudomonas lipase in PBS with 0.02% 
NaN3, pH 7.4, 37°C, 96 h. 
Weight loss,  [114] 
Esterase derived from porcine liver, pH8, 
37˚C, 28 days. 
SEM, DSC, TGA [115] 
 
Combination of different analytical techniques have been used to evaluate the extent of 
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degradation and biodegradation of PUs including visual and morphology observation of 
physical structure, weight loss, and changes in mechanical properties, chemical composition 
and molecular weight. Of these, weight loss is the most commonly used parameter to assess 
the degradation/biodegradation of PU, due to its simplicity and ease-of-recording. Samples are 
removed from the test environment, cleaned thoroughly, oven dried and then the mass loss is 
measured gravimetrically.  
The visual appearance (surface topology) of the films during degradation is used as an indicator 
of the extent of biodegradation at macroscopic level. The digestion of samples by 
microorganisms and the ingress of water cause surface erosion and physical changes on the 
samples, these changes are important indicators of biodegradation [116]. Simple photographic 
images and/or micrographs obtained from the optical microscope, scanning electron 
microscope, and atomic force microscope are used to visually examine the degree of 
degradation. The advantages of these visual methods are that the degree of degradation can be 
observed visually down to the micron level. The disadvantages of these methods are associated 
with the qualitative nature acquired images. 
Changes in chemical structure brought about by biodegradation provide useful information. 
This information helps to quantify the extent of degradation and also help elucidate the 
degradation mechanisms involved.  One of the most common method used to quantify the 
change in chemical structure is Fourier transform infrared analysis (FTIR). FTIR is a fast and 
easy technique to measures the relative changes of chemical functional groups in PU. Free and 
hydrogen-bonded carbonyl groups of urethane and urea linkages, and ether and ester groups 
can be readily measured. The changes of these functional groups during biodegradation can be 
quantitatively measured using the absorbance of infrared energy by these specific functional 
groups [110, 117]. The method of sample preparation in FTIR tests depends on the, absorbance, 
transmission and attenuated total reflectance (ATR) modes used. The transmission mode 
requires dilution of solid sample with IR-inactive potassium bromide (KBr) known as “KBr-
pellet”. The thickness of sample can affect the IR penetration. ATR-FTIR-ATR technique does 
not require the complex sample preparation step and overcomes the effect of sample thickness 
provided that the IR prism makes good contact with the sample [118].   
Analytical methods such as size exclusion chromatography analyses (SEC), gel permeation 
chromatography (GPC), gas chromatography (GC) and high-performance liquid 
chromatography (HPLC) may be coupled with mass spectrometry (MS) can be used to measure 
37 
 
and characterise the degradation of products. The chromatographic mass spectrometer enables 
separation of biodegradation products based on their molecular size and determine their 
molecular weight [119, 120]. Biodegradation involves a random chain scission of the PUs and 
their hybrids and composites into shorter chain products. These methods are sensitive and more 
accurately measure the initial stages of degradation. The decrease in Mw can be measured even 
when the mass loss of samples is not detected in the initial stage [121]. However, these 
analytical methods suitable only to the thermoplastic PUs. These methods may not be suitable 
for thermoset PU or crosslinked PU as they do not readily dissolve in organic eluents.  
The changes in the structure of PUs unique to their hard and soft segments during 
biodegradation provide useful information on their biodegradation.  For instance, the change 
of crystallinity measured by scanning calorimetry (DSC) and X-ray diffraction (XRD) was 
used as indicator of biodegrading [120, 122]. Parameters such as melting and glass transition 
temperatures also provide useful information on biodegradation of PUs and their hybrids and 
composites. The mechanical tests (tensile) performed on the biodegradation products provide 
useful information on their stability [106, 123].  
X-ray photoelectron spectroscopy (XPS) has been used to obtain changes in surface elemental 
composition of PU during degradation [124]. XPS is highly sensitive and it measures small 
changes in elements within 10 nano metre of the surface except for hydrogen and helium. Depth 
profiling can be performed during degradation when XPS is combined with sputtering and 
etching. The etching removes the material at a defined rate without damaging the underlying 
material [125]. XPS is able to provide a clear picture of changes in the surface composition of 
a material undergoing biodegradation compared to its bulk composition [126]. One of the 
critical limitations of this method is that it requires a clean and well-controlled surface and it 
is difficult to avoid the contamination of surface in materials subjected to degradation tests. 
Nuclear magnetic resonance (NMR) spectroscopy has been used to analyse the changes in 
polymer chain structure during degradation. The changes in peaks associated with known 
molecules, including shift and increase or decrease of peak intensities, in NMR spectra are used 
to explain the biodegradation behaviour of PUs and their hybrids and composites. The 
reduction of the peak intensity due to fragmentation of chains is the sign of biodegradation 
[120]. The combination of 1H, 13C and 17O NMR spectroscopy can be to  quantitatively 
determine any new functional groups that might be generate during the biodegradation of PU 
[127]. 
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2.6.3 Aerobic biodegradation of PUs under soil burial condition  
Currently it is difficult to compare the extent and mechanism of biodegradation of PUs based 
on the published literature. This is because of different types of PUs and different test methods 
are used in these studies.  Degradation of PUs biodegradation is mostly carried out in the 
controlled laboratory conditions and using fungi and bacteria [87]. The specific bacteria or 
fungus that can degrade PUs has been isolated from soil. In many case, additional nutrients 
were fed to the microorganisms to selectively concentrate certain enzymes. There is a dearth 
of biodegradation studies carried out in soil in the natural environment despite importance in 
assessing the biodegradability of PUs and their hybrids and composite materials.  
Biodegradation is a process where the organic substances are broken down by living micro-
organisms. ASTM has developed a standard method in which the consumption of carbon source 
by microorganism and the evolution of CO2 are measured. A laboratory scale (ASTM D5988) 
and an  industrial composting scale( ASTM D5338) method are now accepted as benchmark 
methods to study biodegradation [128, 129]. The aerobic soil burial method (ASTM D5388) is 
also commonly used to study the biodegradation polymeric materials due to its simplicity and 
similarity to real field conditions [130, 131]. This soil burial test has the advantage over other 
tests (e.g. fungal and bacterial degradation) because it better simulates the natural environment 
with natural microbial population.  
In aerobic degradation, microorganisms use oxygen to oxidise the carbon (C) from PU and 
produce CO2 as one of the main metabolic products. The amount of CO2 produced during the 
metabolic reactions depends on microbial population, prevailing environment (temperature, pH, 
humidity, nutrition) and types of substrate and the properties of the polymer [132, 133]. In 
laboratory scale tests, the evolved CO2 is trapped in a solution, e.g. barium hydroxide or 
potassium hydroxide, and then quantified by titrating it against hydrochloric acid [128]. In the 
case of industrial scale composting tests, evolved CO2 allowed to flow through a gas flow meter 
and a suitable CO2 analyser [129]. The percentage of biodegradation of the tested material is 
determined by comparing the amount of CO2 released due to biodegradation with its theoretical 
value of CO2 , i.e. complete oxidation of the carbon content to CO2 [128, 129].  
Only a small number of studies have used the aerobic degradation method to determine the 
extent and nature of PU biodegradation (Table 5). Gómez et al. (2014) studied the 
biodegradation of PU foams using composting, soil incubation and anaerobic digestion [134]. 
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Their results showed that fully bio-based (oleic acid) polyols PU foams showed a higher degree 
of biodegradation than petroleum-based PU foams. The biodegradation of bio-based PU foams 
was highest under composting condition, the lowest under anaerobic condition and was in the 
middle under soil incubation condition.  The ester segments of the bio-based polyol were the 
preferred sites for microbial action [134]. Similarly, kraft lignin biopolyol-ester based PU 
foams were found to biodegrade up to 18.5% in 615 days [135]. Likewise, Polyricinoleic acid-
based polyester PU and castor oil-based polyester PU were reported to biodegrade up to 30 % 
and 42 %, respectively upon 60 days of composting [136]. An increase in percentage of  
vegetable oil and triglyceride tended to decrease the degree of  biodegradation [137]. 
Table 5. Test methods used for assessing aerobic and anaerobic biodegradation of polyurethane.  
Test method  Test Parameters  
Methods to measure 
degradation 
Ref.  
Aerobic and anaerobic biodegradation  
Aerobic 
biodegradatio
n in 
composting 
condition 
(ASTM 
D5338)  
CO2 release, at 55˚C, 50 days. 
% biodegradation, 
FTIR, TGA, SEM, 
EGA-MS 
[134] 
 Compost, CO2 release, 58 °C, 70 days. 
% biodegradation, 
degradation rate 
[138] 
Synthetic compost, 35˚C for day 1, 58˚C for 
next 4 days, 50˚C for next day 27 days and 
35˚C until 45 days, CO2 release 
% biodegradation, 
weight loss, SEM 
[94] 
Aerobic 
biodegradatio
n in soil 
condition 
(ASTM 
D5988) 
Farm soil, soil inoculated with Aspergillus 
(ATCC 16404), CO2 release, 22˚C, 615 days.  
SEM, FTIR, % 
biodegradation 
[135] 
Topsoil from solid waste, CO2 
release, temperature (30–58˚C), 98 days.  
% biodegradation [137] 
A mixture of43% organic top soil, 43% no-till 
farm soil, and 14% sand; CO2 release, 27˚C, 
320 days 
% biodegradation [134] 
Respirometry 
CO2 release  
Commercial compost, CO2 release, 22 °C, 60 
days. 
% biodegradation [136]  
River water, CO2 release, 140 days.  % biodegradation [120] 
Anaerobic 
digestion 
(ASTM 
D5511)  
 Activated sludge mixed with dried corn 
stover, CO2 and methane release, 37˚C, 105 
days. 
% biodegradation [134] 
 
Surface hydrophobicity is a major factor that affects the biodegradation rate PUs and their 
hybrids and composites under composting conditions. This is because majority of the 
microorganisms prefer to anchor to hydrophobic surface. A balance of hydrophobicity and 
crystallinity of soft segment in the PU formulation are important as they significantly affect the 
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degradation of PU [94]. However, the composition of hard segment was found to have a more 
pronounced effect on the biodegradation rate rather than crystallinity or surface hydrophobicity. 
2.6.4 Biodegradation of starch-PU hybrid and composite materials   
PU is known to have a slow biodegradation rate and incorporation of starch into PU is shown 
to increase the biodegradability of PUs. This is because of starch is a suitable nutrient for 
microorganism. Table 6 summarises the biodegradation of starch-PU hybrid materials.  
Table 6. Test methods used for assessing biodegradation of starch-PU hybrid materials.  
Test method  Test Parameters 
Methods used to measure 
the degradation 
Ref.  
Starch-PU biodegradation 
Adhesion of 
microorganisms 
Bacillus subtilis (IMB B–7023) 
adhesion, 5h. 
Bacteria count [7] 
Soil burial 
Compost at 40–45% humidity, 30 
to 35°C, 90 days.  
Weight loss  
[50] 
 Compost and soil mixture at 1:1 
ratio, 30 to 35°C, 90 days.  
Weight loss  
[49] 
 Natural weather conditions, 90 
days. 
Weight loss, SEM  
[72] 
Compost at 40–45% humidity, 30 
to 35°C, 90 days.  
Weight loss  
[139] 
Enzymatic action 
Buffer solution pH 7.0 in α-
amylase (Bacillus 
amyloliquefaciens) solution, 10 
days.  
Weight loss, tensile test, 
SEM, FTIR 
[53] 
Bacterial action 
Bacterial strain (P. aeruginosa), 
37°C, 6 weeks. 
Turbidity, weight loss, SEM 
[58] 
 
It is commonly accepted that the microbial degradation of starch-PU hybrid materials depends 
on the nature of PU (chemical structure, crosslinking density, functional groups present and 
hydrophilic/hydrophobic properties of their surface) [110] but also the content and distribution 
of starch in the hybrids’ structure. Chemically crosslinked polyurethane hybrid materials are 
shown to be more resistant to microbial degradation compared to physically blended 
polyurethane hybrid materials [58, 140]. For example, Santayanon et al. (2003) reported that 
physically blended starch-PU materials showed a maximum of 50 % weight loss in 90 days of 
soil burial test. When the starch was functionalised with propionic anhydride and blended with 
starch, the blend’s biodegradation fell below 3% weight loss [72]. In many cases, the 
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biodegradation of starch-PU blends or hybrids increases due to the presence of unreacted starch 
which is more readily available to microorganism to break-down [49]. The presence of  the 
crosslinkers (e.g.1,1,1-trimethylol propane) also reduces the biodegradability substantially[49]. 
The biodegradability of a hyperbranched and linear branched starch-PU (HPU & LPU) was 
investigated and compared. It was found that the HPU facilitated the attachment of bacterial 
cells compared to LPU [58]. 
The nature (hydrophilic or hydrophobic) of the surface of a substrate plays an important role 
in vacillating or resisting the adhesion of microorganisms. The incorporation of starch into the 
PU matrix was found to increase the hydrophilicity of the starch-PU film and increased the 
adhesion of B. subtilis to this surface [7]. The number of adherent cells on starch-PU film with 
30 wt % starch increased 46.7 times more than the reference sample (pure PU).  The 
introduction of a small amount of starch (as a crosslinker) in the hydrophobic castor oil based 
PU formulation  increased  the biodegradation [139]. This increased biodegradability of the 
starch-PU composite materials with increasing starch content, irrespective of the types whether 
physical blending or chemical grafting was used, is due to the formation more microorganism-
friendly surface [7, 53, 58].  
Studies have shown that the molecular weight of polyol affects the biodegradability of starch-
PU hybrids and composites and that the low molecular polyols. For example starch-PUs 
produced by polypropylene glycol (PPG 2000) produced more biodegradable than those 
produced by PPG 3000. This is because PPG 3000, with longer molecular chain, is less 
susceptible to degradation. In this case, molecular weight and nature of polyol and the rigidity 
of the network dominated the biodegradation [139]. 
When vinyltrimethoxysilane (VTMS) modified starch was chemically crosslinked with PU, the 
resultant composite had higher biodegradability than the one synthesised using unmodified 
starch [53]. This VTMS-starch-PU composite showed a substantially high degree of 
biodegradation when it was subjected to enzyme (amylase) treatment (Figure 8). The body or 
matrix of the VTMS-starch-PU composite was sensitive to enzymatic degradation. Thus, the 
understanding of the nature of biodegradation of starch-PU hybrid and composites and the 
relationship between structure and its biodegradation is essential to determine their usefulness 
as biodegradable packaging materials. 
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Figure 8. Scanning electron microscopic images of the film surface incubated in α-amylase 
solution. PU (a), starch-PU control (5 wt % starch) (b), VTMS-starch-PU VS02 (2 wt % starch) 
(c), VTMS-starch-PU (5 wt % starch) (d) (Reproduced from ref. [53] with permission from the 
Carbohydrate Polymers). 
2.7 Concluding remarks  
The starch-PU hybrid and composite materials are an attractive alternative with promising 
potential to replace synthetic plastics. However, incompatibility between starch and PU often 
leads to inferior mechanical properties and water repellency in the resulting hybrids and 
composites compared to synthetic plastics. Modification of the structure of both PU and starch 
can produce hybrids and composites with desirable properties for packaging applications. 
Physical mixing or chemical grafting of starch with PU should be tailored in such a way that 
the compatibility between starch and PU is improved and starch-PU hybrid and composite 
materials suitable for packaging application can be produced. Starch-PU hybrid materials have 
also shown water repellency and mechanical properties similar to those of conventional plastics 
(e.g. polyethylene and polypropylene).  
So far, starch-PU hybrid materials are produced with 50-80% of PU. The development of 
starch-PU hybrid materials with 50-70% of starch is a challenge and warrants systematic 
research, particularly in overcoming their incompatibility. The biodegradability of PU 
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component in starch-PU hybrid materials is still unacceptably low. It needs to be substantially 
increased before these materials can be confidently used as biodegradable packaging materials. 
Thus, this thesis aims to address the above-mentioned gaps in knowledge and limitations in 
technologies and make advances in both aspects.  
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Addendum to Chapter 3 
Figures (S1, S2, and S3) presented below are provided to support the published content 
presented Chapter 3. 
 
 
Figure S1. Contact angle of HAGS film (A) and HAGS-20PEG-PU (B). HAGS = high amylose 
glycerol plasticized starch film, PEG = Polyethylene glycol, PU = polyurethane. The numbers 
20 indicates percentage of PEG-iso in the film.  
 
 
Figure S2. FTIR spectra of PEG 1000 (A), PEG-iso (B), HAGS (C), HAGS-15PEG-PU (D) 
and HAGS-5PEG-PU (E). HAGS = high amylose glycerol plasticized starch film, PEG = 
Polyethylene glycol, PU = polyurethane. The numbers 5 and 15 indicate the percentage of 
PEG-iso in the film. 
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Figure S3. Scanning electron microscope images of HAGS (A), HAGS-2PEG-PU (B), HAGS-
5PEG-PU (C), HAGS-10PEG-PU (D), HAGS-15PEG-PU (E), and HAGS-20PEG-PU (F). 
HAGS= high amylose glycerol plasticized starch film, PEG = Polyethylene glycol, 
PU = polyurethane. The numbers 2, 5, 10 and 15 indicate the percentage of PEG-iso in the film. 
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Aerobic biodegradation of starch–polyurethane flexible films under soil burial condition: 
Changes in physical structure and chemical composition  
N. L. Tai1,2, Raju Adhikari, Robert Shanks1, Benu Adhikari1* 
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2CSIRO Materials Science and Engineering, Clayton South, VIC 3169, Australia 
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6.1 Abstract  
This paper documents the biodegradation behaviour of flexible films produced by physically 
blended and chemically grafted starch–polyurethane (PU) hybrid materials. Conversion of 
carbon content into carbon dioxide was measured after 180 days under soil burial condition. 
Changes in physical structure and chemical composition brought about by the biodegradation 
were measured using microscopic and spectroscopic methods. The results suggested that the 
starch component of the hybrid films provided sites for microorganisms to colonise and 
biodegrade these films. Films produced from physically blended starch–PU had faster 
biodegradation (72.5 %, after 180 days) compared with films produced using chemically 
grafted starch–PU (26.7 %, after 180 days). Degradation of starch in films produced from 
physically blended starch–PU occurred first followed by degradation of polyester soft segments 
of the PU. The degradation resistance of films produced from chemically grafted starch–PU 
hybrids was due to low starch content in the formulation and their covalently bonded integrated 
structure. These starch–PU films had a sequentially progressing four-stage biodegradation 
process: (i) moisture uptake from environment and attachment of microorganisms, (ii) 
hydrolysis and oxidation of the starch component, (iii) break down of the chemical structure 
into small molecular units, and (iv) degradation of the polyurethane component at a slower rate. 
This study demonstrates that the films produced from physically blended starch–PU hybrid 
materials have a potential as biodegradable flexible packaging.  
Keywords: Starch, polyurethane, starch-polyurethane hybrids, packaging films, 
biodegradation, composting. 
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6.2 Introduction 
There is an urgent need to develop biodegradable packaging materials to replace the non-
biodegradable ones due to environmental concerns. There are many technological challenges 
to develop fully or partially biodegradable materials, especially from renewable resources. 
Biodegradable materials derived primarily from renewable resources are preferred as they 
degrade into natural compounds such as water, carbon dioxide, methane and other degradation 
products by microorganisms under the natural environment (Narayan, 2017; Singh & Sharma, 
2008).  Increased application of biodegradable packaging materials will reduce the negative 
environmental impact caused by non-degradable synthetic plastics. However, biodegradable 
packaging materials are not necessarily compostable. The compostable–biodegradable 
packaging materials enrich the soil upon degradation and return to the earth safely. Whereas, 
non-compostable–biodegradable packaging materials undergo biodegradation from the action 
of naturally occurring microorganisms, but they may release undesirable and toxic 
contaminants that endanger the environment. Thus, a sound understanding of biodegradability 
of polymeric packaging materials is an important first step in reducing global environmental 
pollution (Gómez, Luo, Li, Michel, & Li, 2014; La Mantia et al., 2017; Leja & Lewandowicz, 
2010).  
Starch is one of the most readily viable biodegradable biopolymers that has been used to 
develop packaging materials. However, the application of starch as a major component of 
primary or stand-alone packaging has some major limitations due to its inherent brittleness, 
weak moisture barrier property and sensitivity to ambient relative humidity (Averous, Moro, 
Dole, & Fringant, 2000; Thunwall, Kuthanová, Boldizar, & Rigdahl, 2008). Starch-
polyurethane (PU) hybrid materials have attracted much interest and shown promise in 
packaging application. Polyurethanes are segmented block copolymers comprised of hard and 
soft segments that can be synthesised using fully biodegradable and biocompatible precursors 
and their properties can be tailored to meet the requirements of packaging application. Starch–
PU hybrid materials are considered to be promising materials as their physicomechanical 
properties, surface hydrophobicity and biodegradability can be modified with relative ease.  
We used chemical grafting and physical blending methods to develop starch–PU flexible 
packaging films and reported that their mechanical properties and surface hydrophobicity 
greatly improved compared with that of films containing only starch (Tai, Adhikari, Shanks, & 
Adhikari, 2017a, 2017b; Tai, Adhikari, Shanks, Halley, & Adhikari, 2018).  In chemical 
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grafting, the hydroxyl groups of starch were reacted with isocyanate (NCO) groups of 
poly(ethylene glycol)–isocyanate (PEG–iso) linker to form covalent (urethane) linkages. In the 
case of physical mixing, starch was physically blended with anionic poly(ether-ester) 
polyurethane (AEEPU) using simple mechanical blending. The biodegradation aspects of the 
flexible films produced using these two approaches are not reported in those publications. It is 
commonly accepted that the microbial degradation of a polymers depends on chemical 
structure, cross-linking density, functional groups present and hydrophilic/hydrophobic 
properties of their surface (Barratt, Ennos, Greenhalgh, Robson, & Handley, 2003; Krasowska, 
Janik, Gradys, & Rutkowska, 2012; Oprea, Potolinca, Gradinariu, & Oprea, 2018). Thus, the 
hybridisation of starch with polyurethane using chemical grafting or physical mixing is 
expected to affect the resistance of the urethane linkage to biodegradation. Chemically 
crosslinked polyurethane hybrid materials have been reported to show increased resistance to 
microbial degradation compared with physically blended polyurethane materials (Solanki, 
Mehta, & Thakore, 2014; Zhong & Yuan, 2013). Thus, an understanding of the performance 
and nature of biodegradation of starch–PU flexible films is essential to determine their 
usefulness as biodegradable packaging materials. 
PU materials can be designed to be biodegradable, however, their biodegradability depends on 
the nature and chemical composition of the hard and soft segments used (Obruca, Marova, & 
Vojtova, 2011). Polyester or polyether soft segments with a hydrolysable backbone are 
susceptible to biodegradation (Sarkar, Basak, & Adhikari, 2011). Thus, incorporation of 
biodegradable structural units (i.e., an ester or ether group) into the main chain of PU is a 
pragmatic approach to make PU more susceptible to microbial action under ambient 
environmental conditions (Dutta, Karak, Saikia, & Konwar, 2010; Guo et al., 2010).  
ASTM has developed a standardized method to determine the biodegradation of plastic 
materials based on the consumption of oxygen and/ or the evolution of CO2 (ASTM D5988). 
This aerobic soil burial method is commonly used to study biodegradation of polymeric 
materials due to its simplicity and similarity to real field conditions (Badia et al., 2017; Oprea, 
2015; Zafar, Houlden, & Robson, 2013). The soil burial test has the advantage over other tests 
as it better simulates the environment with natural microbial flora.  
Biodegradation of starch–PU hybrid materials under soil burial conditions have been reported; 
however, those studies are primarily confined to the measurement of mass (weight) loss and 
change in morphology (Lalwani and Desai, 2010; Santayanon and Wootthikanokkhan, 2003).  
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The effects of the most important factors such as chemical composition/structure, cross-linking 
and the presence of different functional groups on the biodegradation of starch-PU hybrid 
materials have not been studied.  
Thus, the aim of this study is to investigate biodegradability of starch–PU hybrid materials 
intended to be used as eco-friendly and sustainable packaging. The specific objectives are to 
measure the extent and nature of biodegradation of starch–PU hybrid films using the standard 
test protocol (ASTM D5988) through the evolution of CO2. Changes in physical structure 
(morphology) and chemical composition during these tests are observed using microscopic and 
spectroscopic methods.   
6.3 Materials and methods 
6.3.1 Materials 
High amylose corn starch (Gelose 80) with amylose: amylopectin ratio of 80:20 and moisture 
content of 14.16 % was obtained from Ingredion ANZ Pty Ltd, New South Wales (Australia). 
The % values in this work refer exclusively to (w/w).  Potassium hydroxide and Hydrochloric 
acid were purchased from Merck, Victoria (Australia). Phenolphthalein (99%) was purchased 
from Combi-blocks Inc., San Diego (USA). 
Starch film was used as the positive control, chemically grafted hybrid and physically blended 
starch–PU films were used as test specimens. They are coded as HA (glycerol plasticized high 
amylose starch), HS-20PEG-PU (chemical grafted PU), HS40AEEPU (physically blended PU) 
respectively. The HA, HS-20PEG-PU and HS40AEEPU films were prepared as reported earlier 
(Tai et al., 2017a; Tai et al., 2018). These two samples from chemically grafted (HS-20PEG-
PU) and physically blended (HS40AEEPU) starch–PU films were chosen because they 
exhibited the most desirable mechanical properties and water repellency. Briefly, HS-20PEG-
PU film was prepared using isocyanate (NCO) end-capped poly(ethylene glycol)–isocyanate 
(PEG-iso) crosslinker. PEG-iso crosslinker was prepared by reacting poly (ethylene glycol) 
(PEG 1000) with hexamethylene diisocyanate (HMDI) at NCO-to-OH ratio (NCO/OH) of 2.0 
and then it was chemically grafted into glycerol plasticized high amylose starch (HA) (Tai et 
al., 2017). The total starch content in HS-20PEG-PU formulation was 16 %. The HS40AEEPU 
film was prepared by physical mixing of HA with specifically designed anionic poly-(ether-
ester)-polyurethane (AEEPU) (Tai et al., 2018).  In brief, AEEPU (NCO/OH ratio of 1.0) was 
synthesised by using isocyanate (NCO)-terminated prepolymer and ethylenediamine (EDA) as 
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chain extender. The prepolymer itself was prepared by using Isophorone diisocyanate (IPDI), 
2,2-bis(hydroxymethyl) propionic acid (BMPA), poly (ethylene glycol) (PEG 1000) and 
polycaprolactone (PCL 1000). The ether (PEG) to ester (PCL) ratio was 1:1. This AEEPU was 
physically mixed with glycerol plasticized HA to form a physical crosslink. The total starch 
content in HS40AEEPU formulation was 48 %. This AEEPU had a high degree of 
compatibility with HA because no phase separation was observed. This soft segment 
comprising polyester and polyether polyols is expected to improve the biodegradability of the 
films.  
6.3.2 Methods 
6.3.2.1 Determination of the water holding capacity and moisture content of soil   
The water holding capacity (WHC) of soil was determined according to (Karamanlioglu & 
Robson, 2013). A strainer was filled with 20.0 g of soil and distilled water was added until it 
was saturated. The excess water was drained out. The mass of saturated soil was placed on a 
filter paper (pre-dried to constant weight) to remove the free water and recorded as saturated 
weight (Wsat). The sample was then dried in an oven at 105 °C to constant mass to determine 
the dry weight, (Wdry). The WHC was calculated according to Eq. (1). Each soil sample was 
placed onto a previously dried filter paper and its mass was measured as the initial weight (Wini) 
and then dried in an oven at 105 °C until constant weight to obtain the final soil mass (Wfin). 
The moisture content of the soil was calculated according to Eq. (2). 
𝑊𝑎𝑡𝑒𝑟 ℎ𝑜𝑙𝑑𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑊𝐻𝐶) (%) =  
𝑊𝑠𝑎𝑡− 𝑊𝑑𝑟𝑦
𝑊𝑠𝑎𝑡 
 ×  100                    (1) 
𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =  
(𝑊𝑖𝑛𝑖−𝑊𝑓𝑖𝑛)
𝑊𝑖𝑛𝑖
 ×  100                                (2) 
6.3.2.2 Determination of soil pH  
Air-dried soil samples were mixed with distilled water at soil-to-water ratio of 1:2 ( w/w) and 
allowed to equilibrate at room temperature for 1 h. The pH of this mixture was measured using 
a pH electrode (FiveEasy TM FE20, Metler Toledo, UK).  
6.3.2.3 Determination of total carbon and organic carbon contents  
The total carbon (TC) and total organic carbon (TOC) were determined by using AnalytikJena 
Multi EA4000 Soil Carbon Analyser. TC was determined by catalyst-free combustion of 0.2 g 
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of solid sample by heating in a high temperature furnace at 1200 ˚C under oxygen. Under this 
condition, the carbon content of the sample was converted to carbon dioxide. The generated 
value of carbon dioxide was measured (after removal of water and halogens) using a previously 
calibrated infrared detector. TOC was determined by reacting 0.2 g of sample with 2N 
hydrochloric acid to remove the inorganic carbon (as carbon dioxide). The samples were dried 
on a hot plate to remove the excess acid. The residual acid was removed by using halogen 
scrubbers of the instrument. The samples were then analysed using TC method to determine 
the TOC.  
6.3.2.4 Setting up of aerobic biodegradation experiment   
Biodegradation tests were performed according to ASTM D5988 (ASTM, 2012). A laboratory-
scale experimental set up was used to measure the rate of aerobic biodegradation of the films, 
as a function of time. Triplicate tests were carried out for positive control (HA film), soil blank 
(soil + KOH), and the hybrid films. Soil was used as the blank and HA film was used as the 
positive control. The soil mass used in these tests was a mixture of natural soil from pasture, 
forest and garden mixed in equal proportion. Organic compost was subsequently added in this 
soil mixture at a compost to soil ratio of 1:25 (w/w). This soil substrate was further modified 
by adding ammonium phosphate to maintain a carbon to nitrogen ratio of 20:1 (w/w). The soil 
mixture (400g) was placed at the bottom of a 2 L wide mouth jar which could be hermetically 
sealed. Distilled water was added to bring the moisture content of the mixture to 50-55 % of 
its moisture holding capacity. The moisture content and the thickness of the films (HA, 
HS40AEEPU and HS-20PEG-PU) were recorded. Hybrid films were cut into identical (20 mm 
x 20 mm) size their mass was recorded and then buried in the soil substrate. A solution 
containing 0.5 N KOH (20 mL) and water (50 mL) was transferred to a cup with a perforated 
cap and placed inside the vessel. This KOH solution was used to trap and dissolve the carbon 
dioxide (CO2) evolved during the biodegradation. Three of these vessels were kept in a dark 
cabinet at temperature 22 ± 3 ˚C up to 180 days. The naturally occurring microorganisms in 
the soil acted on the test specimen and generated CO2. The CO2 produced by the metabolic 
process was determined and was used as a measure of the biodegradation. The amount of CO2 
produced was determined by titrating the KOH solution against 0.25 N HCl using 
phenolphthalein as end-point indicator. When the KOH was removed for titration, the vessels 
were kept open for 30 mins to refresh the headspace air. The jars were weighed from time to 
time to check the moisture loss, and distilled water was supplemented to the soil in order to 
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maintain the moisture content. It was ensured that the evolution of CO2 was 70 % or more (of 
the theoretical value) of the positive control on upon 180 days of test. 
The percentage of biodegradation of the tested films was determined by comparing the amount 
of CO2 released during its microbial degradation with its theoretical value of CO2 (complete 
oxidation of the carbon in tested materials to CO2) (Section 2.2.3) The amount of Total Organic 
Carbon (CTOC) contained in the test material was used to calculate the theoretical amount of 
CO2 using equation (3): 
𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐶𝑂2 (𝑚𝑔) = 𝐶𝑇𝑂𝐶  ×  
44 × 𝑌
12
                                                                                 (3)         
where, Y is the mass of sample (mg), 44 and 12 are the molar mass of CO2 and atomic mass of 
carbon (g/mol), respectively. As stated above, this theoretical value of CO2 will be used to 
calculate the extent of biodegradation (%). 
During biodegradation test, the evolution of CO2 was monitored every 3-4 days for the first 30 
days during which biodegradation was expected to be faster and then every 1-3 weeks for 
remaining of 180 days. The amount of CO2 evolved was calculated using equation (4).  
𝐶𝑂2 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 (𝑚𝑔) = (0.25𝑁) × (𝐵 − 𝑉) ×  44                              (4) 
where, B is the volume (mL) of HCl consumed to titrate the KOH in blank and V is the volume 
(mL) of HCl used to titrate the KOH used in samples. The percentage of biodegradation was 
calculated by dividing equation (4) by equation (3) as given by equation (5).  
𝐶𝑂2 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 (𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛) (%) =  
𝐶𝑂2 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 (𝑚𝑔) 
𝑡ℎ𝑒𝑜𝑟𝑎𝑡𝑖𝑐𝑎𝑙 𝐶𝑂2 (𝑚𝑔)
 × 100               (5) 
6.3.2.5 Visual appearance of films during aerobic biodegradation in soil 
The visual appearance of the films during degradation (section 2.2.4) was acquired using SEM 
and the physical changes of the films were captured using the camera. The specimens were 
removed from the soil in a certain interval time frames: 5, 15, 30, 60, 90, 120, 150 and 180 
days. The vessels were allowed to sit open for 30 mins to refresh the air in the vessels.  
6.3.3 Characterization of films undergoing biodegradation  
6.3.3.1 Assessment of change in morphology 
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Microstructure of freshly prepared and microbially degraded films was observed and captured 
using a field emission scanning electron microscope (FESEM) (Zeiss Merlin, Germany). The 
images of top surface of the films were acquired. The film samples were mounted on specimen 
stubs and sputtered with a thin layer of Iridium in order to make them conductive. The images 
were acquired at an accelerating voltage of 3 kV at 100× and 1000x magnification.  
6.3.3.2 Evaluation of surface chemical composition by infrared spectroscopy  
Specific spectral “signatures” of microbially degraded films were acquired using an attenuated 
total reflectance (ATR) FTIR spectroscope (Nicolet 6700, Thermo Scientific, USA) with a 
diamond coated zinc selenide crystal plate (reflection plate with pressure arm).  Prior to the 
analysis, the dirt on the external surface of the samples was carefully removed. During the test, 
the samples were tightly pressed against the IR prism to ensure proper contact with the samples 
and to increase the IR absorbance by the samples. Sixteen scans were made averaged over the 
wavenumber range of 650 to 4000 cm-1 at a resolution of 4 cm-1.  
The changes in specific functional groups of the films during the course of biodegradation can 
be detected and quantified from these tests, which can then be used to determine the extent of 
degradation. For this purpose, the relative changes in functional groups of starch and 
polyurethane were identified. The changes in carbonyl (C=O) and glucopyranose rings (C-O) 
of starch were measured. Similarly, changes in free and hydrogen-bonded carbonyl (C=O) 
groups of urethane and urea linkages, C-O stretching vibrations of polyether and polyester 
polyol of polyurethanes were measured. The changes in these functional groups were 
calculated using carbonyl index (CI), ester index (EsI), ether index (EtI) and starch index (StI), 
given by equation (6), (7), (8) and (9), respectively.   
The ratio of band area (absorbance) of the above mentioned functional groups to that of 
antisymmetric C-H stretching band of methylene group was used to calculate the above 
mentioned indices. The band area of C-H stretching was used as the common parameter 
(divisor) because it changes the least during degradation (Fabiyi, McDonald, Wolcott, & 
Griffiths, 2008; Wei, McDonald, Freitag, & Morrell, 2013). 
𝐶𝐼 =
𝐴𝐶=𝑂
 𝐴−𝐶𝐻2
                                                              (6) 
𝐸𝑠𝐼 =
𝐴𝐶−𝑂𝐸𝑠 
 𝐴−𝐶𝐻2
                                                            (7) 
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𝐸𝑡𝐼 =
𝐴𝐶−𝑂𝐸𝑡 
 𝐴−𝐶𝐻2
                                                            (8) 
𝑆𝑡𝐼 =
𝐴𝐶−𝑂𝑆𝑡 
 𝐴−𝐶𝐻2
                                                            (9) 
where, 𝐴𝐶=𝑂 , 𝐴𝐶−𝑂𝐸𝑠 , 𝐴𝐶−𝑂𝐸𝑡 , 𝐴𝐶−𝑂𝑆𝑡  and  𝐴−𝐶𝐻2 refer to absorbance area of carbonyl, 
ester, ether, starch and methylene group, respectively.   
6.3.4 Statistical analysis 
Statistical analysis was performed using International Business Machines Corporation (IBM) 
statistical software (SPSS®, version 24, IBM Corp., U.S.). All experimental measurements 
were conducted at least in triplicate and the reported data points are expressed as the mean ± 
standard deviation where feasible. To detect significant effect or lack thereof of each treatment, 
replicate data points were analysed using analysis of variance (ANOVA). The significant 
difference between any two mean values was determined using post hoc comparison test 
(Duncan’s Multiple Range Test, DMRT) at 95 % confidence level (P = 0.05).  
6.4 Results and discussion 
6.4.1 Specification and carbon content of samples and water holding capacity of soil  
The total mass, moisture content and the thickness of the HA, HS40AEEPU and HS-20PEG-
PU films were 474 ± 21.53, 410 ± 10.45, and 463 ± 24.43 mg; 11.45 ± 0.67, 10.17 ± 0.89 and 
8.66 ± 0.52 %; and 0.075 ± 0.006, 0.062 ±0.002 and 0.092 ± 0.008 mm, respectively. The pH 
of soil was 7.03.  The total organic carbon content of HA, HS-20PEG-PU and HS40AEEPU 
was 329, 485 and 412 mg/g, respectively. The water holding capacity and moisture content of 
soil samples were 72.4 % and 53.9 %, respectively, which fall within the range specified by 
ASTM. The pH of the soil was 7.03.   
6.4.2 Change in physical appearance of hybrid films due to biodegradation 
Soil contains many types of microorganisms. The biodegradation or digestion of starch–PU 
hybrid films by these microorganisms brings about physical changes and these changes are 
important indicators of biodegradation (Borghei, Karbassi, Khoramnejadian, Oromiehie, & 
Javid, 2010). Photographs of starch and starch–PU hybrid films at different timeframe of 
degradation are presented in Figure 1. These films were exposed to the moist (54 % moisture 
content) soil up to 180 days in dark. Originally transparent HA and physically crosslinked 
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starch–PU films (HS40AEEPU) turned into opaque and white. The opaqueness of the film is 
due to the uptake of moisture from the surrounding soil and also microbial action 
(Karamanlioglu & Robson, 2013; Zafar et al., 2013). The presence of widespread hyphae or 
mycelial growth observed under SEM (Section 3.3) also supports this observation. As the 
degradation progressed, the dimension of these (HA and HS40AEEPU) films reduced, they 
became fragmented and eventually their structure collapsed. On the other hand, the chemically 
crosslinked starch–PU films (HS-20PEG-PU) were able to retain their appearance, original size 
and shape even after 180 days, except appearance of small pin holes on their surface. This 
aspect will be further discussed in (Section 3.3).  
Due to its hydrophilic nature, the HA films readily absorbed water. These films appeared 
opaque within 5 days and started to biodegrade fairly quickly. The absorbed water facilitated 
the microbial digestion of starch, causing the film to fracture into pieces within 30 days. Upon 
90 days of degradation, only very few small fragmentations of the film were recovered.  
Physical blended starch–PU film (HS40AEEPU) showed slower moisture uptake, due to its 
higher water repellency (Tai et al., 2018). HS40AEEPU turned fully opaque after 30 days. The 
surface roughness and the fragility of HS40AEEPU films increased after 30 days due to 
microbial activity. HS40AEEPU film recovered on 120 and 150 days were found to be 
disintegrated and dissolved in the soil.  This indicated that the biodegradation products as well 
as intact monomer groups of AEEPU were released to the soil. It is also reported in the literature 
that monomers such as amine, alcohol and carboxylate acid can also be produced during the 
degradation under soil burial condition (Howard, 2012; Mahajan & Gupta, 2015; Shah, Hasan, 
Krumholz, Aktas, & Shah, 2013).  
The films produced using chemically grafted PU (HS-20PEG-PU) were opaque due to the 
chemical crosslinking between starch and polyether polyurethane. HS-20PEG-PU films 
absorbed water showed 54 % higher volumetric increase (swollenness) compared to its original 
size. The ability of these films to absorb water can be attributed to the presence of ether groups 
in PEG and their affinity to water. When PEG comes in contact with water, the 
hydrophobic -CH2-CH2- component preferentially orients inward while the hydrophilic -C-O-
C- component orients outward (Cakić et al., 2014; Tsai et al., 2015). However, the structure of 
these films remained intact for 180 days. It was also observed that the thickness of these films 
was reduced and the surface become rougher and pinholes appeared on the surface over time. 
This comparatively higher mechanical stability of these films, during biodegradation, is 
111 
 
primarily due to low starch content in the polymer matrix (16 %), and strong chemical bonding 
(crosslinking) between starch and PEG polyether urethane which made these films less 
susceptible to microbial action.    
 
Figure 1. Pictures of HA, HS40AEEPU (physically blended PU) and HS-20PEG-PU (chemical 
grafted PU) subjected to biodegradation in soil for 0, 5, 15, 30, 60, 90, 12, 150, and 180 days.  
6.4.3 Morphology and surface structure of HA and starch–PU hybrid films 
Surface erosion occurs during biodegradation due to the contact and then ingress of water. 
Thus, the surface erosion is a good indicator of biodegradation process (Dutta et al., 2010). 
SEM micrographs of films produced by HA and those produced by physically blended starch–
PU (HS40AEEPU) and chemically crosslinked starch–PU hybrid showed that they were 
degraded by microorganism to different degrees. Figure 2 shows the surface topography of 
films before and after microbial action at different time lengths. As can be observed, all of these 
films had a smooth surface before their soil burial (0 day). Once these films were buried in soil, 
the extent of degradation of HA films was the highest, that of chemically grafted films was the 
lowest and that of physically grafted ones remained in between at the same time frame. It is 
expected in the case of HA films to show the highest microbial degradation as starch is a good 
nutrient to microbes. A large number of extensive hyphae like structure was formed due to 
microbial action which increased over time (5 to 30 days) (Figure 2 (A1) & (A2)).  By 60 
days, the HA films showed rough surface and continued to diminish in size.  The physical or 
structural integrity of HA films was completely lost by 90 days (Section 3.2). 
Films produced by physically blended starch–PU (HS40AEEPU) showed a slower degradation 
compared to HA films (Figure 2 (B1) & (B2)). However, they degraded faster than chemically 
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crosslinked ones. This can be attributed to the higher starch content in the polymer matrix 
(48 %), weaker (physical) bonding forces acting between starch and polyester-ether urethane. 
As a consequence, these films were more susceptible to microbial action. SEM micrographs of 
HS40AEEPU showed similar (albeit weaker) microbial degradation pattern observed in HA 
film, indicating the fact that the microorganisms acted on the starch component starting from 
the surface. The degradation of HS40AEEPU films produced a rough surface on 60 days due 
to the microbial degradation of starch component. The polyester-ether urethane groups present 
in the bulk slowed-down the biodegradation process compared to that of HA films.  Thus, 
early degradation of starch component catalyses the bulk degradation of the polyurethane into 
small molecular weight oligomers, dimers and monomers as agreed by other researchers (Datta 
& Halder, 2018).  
The films produced by chemically grafted starch–PU (HS-20PEG-PU) showed the slowest 
degradation behaviour due to lower starch content in the matrix and strong starch-PU bond due 
to chemical grafting. This further showed that that the molecular level cohesive strength 
emanating from the starch–PU chemical bonding resisted the degradation (Figure 2 (C1) & 
(C2). As starch molecules are chemically bound to urethane groups, the breakdown of these 
chains (especially in the bulk) required a longer time. Furthermore, the crosslinking between 
starch and PU makes the matrix more compact and, thus, slows down the onset of microbial 
degradation.  The degradation process in these starch–PU hybrid materials started by wetting 
of the film followed by swelling and loosening of physically structure which favoured 
microbial action (Figure 1). SEM micrographs showed that these films became more porous 
from 30 days to 180 days (Figure 2 (C1)). As explained earlier, starch components on the film 
surface were degraded by microorganisms first followed by degradation of PEG ether groups 
which made the surface more porous over time. However, the stronger chemical bonding 
between the starch and PU in chemically grafted systems slowed down the speed and reduced 
the degree of biodegradation. In about 180 days, the surface of these films was degraded 
considerably as evidenced by the increased surface roughness (Figure 2 (C2)).  
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Figure 2. SEM micrographs of HA (A), HS40AEEPU (physically blended PU) (B) and HS-
20PEG-PU (chemical grafted PU) (C) at 100x magnification (A1, B1 & C1) and 1000x 
magnification (A2, B2 & C2).  
6.4.4 Aerobic biodegradation 
The nature and extent of biodegradation of a polymer depend on microbial population, 
prevailing environment (temperature, pH, humidity, nutrition) as well as the properties of the 
polymer (Castro-Aguirre, Auras, Selke, Rubino, & Marsh, 2017; Nguyen, Do, Grillet, Ha 
Thuc, & Ha Thuc, 2016). In this work, the film prepared by HA was used as positive control, 
as it fulfilled the standard requirement of achieving a 70 % biodegradation in 80 days (ASTM, 
2012). In an aerobic degradation, microorganisms use oxygen to oxidise the carbon (C) from 
organic material and produce CO2 as one of the main metabolic products.  Figure 3 shows the 
biodegradation of HA, physically blended film (HS40AEEPU) and chemical grafted film (HS-
20PEG-PU), as a function of time. The biodegradation of HA and physical blended films 
showed similar trends, i.e., the degradation was faster in the first 40 days, then it became quite 
slow after 120 days. Whereas, the chemically crosslinked films showed slow degradation 
during the entire test period (180 days). The biodegradation rate of all HA, HS40AEEPU and 
HA-20PEG-PU on first 40 days was 1.48, 0.87 and 0.21 %/day, respectively (inset, Figure 3).  
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HA show the highest extent of biodegradation as it reached 86 % degradation in 180 days 
(Figure 3). The rapid biodegradation of HA, during the first 40 days, was due to readily 
available starch and glycerol as nutrients required for microbial metabolism (energy needs) 
proliferation. As the nutrients continued to deplete, a decrease of biodegradation was observed. 
Therefore, the curve plateaued after 120 days (Figure 3) when all of the accessible C had been 
oxidized into CO2 (Accinelli, Saccà, Mencarelli, & Vicari, 2012).  
The trend of degradation of physically blended starch–PU (HS40AEEPU) was similar to that 
of HA, i.e., both degraded faster in the first 40 days. However, the extent of biodegradation of 
HS40AEEPU during the entire test period was lower than that of HA. The HS40AEEPU film 
reached 72.5 % biodegradation at 180 days. As can be observed, HS40AEEPU underwent 
degradation in two stages. The initial stage involved relatively fast breakdown of starch 
component followed by a slow breakdown of anionic polyester-ether polyurethane (AEEPU) 
component. Since these films contained 48 % starch, a biodegradation of 72.5 % indicated that 
a substantial amount of PU was degraded in these films.  It is reported that a polyurethane 
biodegrades more readily if its soft segment (polyol) contains hydrolysable functional groups. 
Polyester polyurethane has the ability to enzymatically degrade faster than polyether 
polyurethane (Dutta et al., 2010; Guo et al., 2010). It is also reported in the literature that the 
polyester urethanes are more susceptible to hydrolytic degradation while polyether urethanes 
are more susceptible to oxidative degradation (Mahajan & Gupta, 2015). The ester linkage 
undergoes hydrolytic degradation in the presence of a nucleophilic agent including water (Leja 
& Lewandowicz, 2010). This hydrolytic cleavage makes the ester-containing polymer prone to 
fragmentation and microbial action. Although, HS40AEEPU film contained both polyester and 
polyether polyol, the ester component would have contributed to its faster degradation.   
Chemically grafted starch–PU (HS-20PEG-PU) achieved 26.7 % degradation at 180 days. It 
had the lowest degree of biodegradation among all the tested films. This may be due to a high 
degree of starch–PU chemical crosslinking resulting in higher resistance of ether structure to 
microbial action. It could also be due to low starch content in the formulation (16 %). 
Furthermore, as would be shown through the FTIR data (Section 3.5), a portion of starch 
remained intact or undegraded at the end of the test. This may be due to masking of starch by 
PEG-PU, which formed an impermeable barrier to microbial hydrolytic enzymes. The compact 
and hydrophobic structure formed by PEG-PU around starch component explains why HS-
20PEG-PU films remained strong even after 180 days of exposure to biodegrading conditions. 
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The fact that these films only contained 16% of starch, the biodegradation 26.7 % indicated 
that the degradation of PU indeed occurred albeit at a slower rate. It has been documented that 
PEG polyether PU is more resistant to microbial enzymatic hydrolysis and requires several 
steps to break down small (17 %) fraction (Krasowska et al., 2012; Sarkar et al., 2011). 
Biodegradation of polyether polyurethane requires cleavage of its aliphatic ether to aldehyde 
and further dehydrogenation to carboxylate acid derivative (Sarkar et al., 2011). These 
oxidation steps require PEG dehydrogenase, PEG-aldehyde dehydrogenase, and PEG-
carboxylate dehydrogenase (ether-cleaving) for complete degradation of PEG urethane linkage.  
 
Figure 3. CO2 evolved of HA, HS40AEEPU (physically blended PU) and HS-20PEG-PU 
(chemical grafted PU) film in soil according to ASTM D 5988.  
6.4.5 IR absorption characteristics of HA and starch–PU hybrid films 
FTIR spectra (Figure 4 and 5) show the effects of microbial action on the chemical component 
of the film surface. The level of degradation can be evaluated by using the shift and also the 
intensity of specific IR peaks. The IR spectra of the films subjected to degradation revealed 
that some bands appeared or disappeared, while the intensity of others increased or decreased 
when the degradation progressed. The IR spectra of films buried in soil provided considerable 
evidence of biodegradation. The IR spectrum of HA showed a broad peak at 3287 cm-1 due to 
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its hydroxyl group (-OH).   The peak appearing at 1645 cm-1 is attributed to water adsorbed 
in the amorphous region of HA film (Moo-Huchin et al., 2015). The bands appearing at 997 
cm-1 (C–O stretching), 1073 cm-1 (C–O–H bending), and 1149 cm-1 (C–C/C–O stretching) are 
associated with the characteristic glycosidic linkage of starch (Worzakowska, 2016; Zhang & 
Han, 2006). Peaks appearing at 927, 862 and 760 cm-1 are associated with the glucopyranose 
rings of the starch (Mohan, Devchand, & Kanny, 2017; Moo-Huchin et al., 2015). The IR 
spectrum of HA film before degradation (DO, Figure 4 (A)) did not show carbonyl signal 
(absence of peak around 1729 cm-1) in its chemical structure.  However, the IR spectra of HA 
films subjected to degradation showed peak associated with carbonyl. The carbonyl group is 
formed due to the breakdown of starch by microorganisms where starch (polysaccharide) is 
degraded to maltose (disaccharide) and glucose (monosaccharide) (Lee et al., 2006). The 
subsequent opening of glucose β‑D‑glucopyranose ring further leads to the formation of 
carboxylic and aldehyde groups corroborating the appearance of carbonyl peak (Milošević et 
al., 2017; Tomšič, Klemenčič, Simončič, & Orel, 2011). Because of this reason, the starch 
carbonyl index (CI) showed gradual increase reaching the highest value at 0.19 in 30 days 
(Figure 5 (A1)). When the degradation progressed beyond 30 days, the CI decreased and 
disappeared after 60 days. The increase of the carbonyl group up to 30 days implied that surface 
oxidation increased upon biodegradation. The subsequent decrease in carbonyl group (after 45 
days) indicated that the HA chain was slowly consumed by microorganism.  On the other hand, 
the reduction in absorption peak of starch at 862 cm-1 (represented by starch index, StI) from 
day 0 to day 60 corresponded to the breaking down of starch glycosidic linkage and 
glucopyranose rings (Figure 5 (A1)). The value of StI decreased from 0.5 to the lowest value 
of 0.06.  
The important bands specific to physically blended starch–PU (HS40AEEPU) were assigned 
according to previous report (Tai et al., 2018). The N-H stretching vibrations appearing at 3487 
cm-1 and 3333 cm-1 associated with free and hydrogen-bonded amine groups of HS40AEEPU 
were superseded by the intensity of OH groups of HA. The stretching vibrations appearing at 
1729 cm-1, 1649 cm-1 and 1531 cm-1 were assigned to the free urethane carbonyl and hydrogen-
bonded urea carbonyl and N-H bending, respectively. The C-O-C stretching vibrations of soft 
polyol segments of polyether and polyester polyol were observed at 1102 cm-1 and 1238 cm-1, 
respectively. As mentioned above, the absorption peaks appearing at 1073 and 862 cm-1 were 
due to the starch component.  
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Figure 4. FTIR spectra of film: HA (A), HS40AEEPU (physically blended PU) (B) and HS-
20PEG-PU (chemical grafted PU) (C) before and after biodegradation during 180 days of soil 
burial test. 
The infrared spectra of HS40AEEPU in Figure 4 (B) also indicate to a two-stage degradation 
in these films, the first stage being the degradation of HA.  The reduction of intensity of 
absorption peaks at 1073 and 862 cm-1 associated with the hydroxyl and finger printing region 
of HA, confirms that HA is the preferable substrate for microorganism (Section 3.4). The 
degradation of the starch component in HS40AEEPU was not greatly hampered as the HA 
chains in this physically blended system were linked with PU by hydrogen bonding rather than 
covalent one. This physical bonding or entanglement meant that the AEEPU matrix was less 
compact and allowed easier access to microorganisms to HS40AEEPU matrix. The 
disappearance of the absorption peak at 862 cm-1 on day 60 (Figure 5 (B3)) indicated that most 
of the starch present on the surface of these films was consumed and the glycosidic linkage and 
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glucopyranose rings of starch were broken down (StI decreased from 0.22 to 0 indicating 100 % 
loss). In the subsequent degradation, the urethane carbonyl index (Figure 5 (B1)) of free 
urethane carbonyl measured at 1729 cm-1 increased from 0.34 to 0.62 (82 % increment). At the 
same time, the intensity of hydrogen-bonded urea carbonyl (hard segment) appearing at 1649 
cm-1 showed a decreasing trend over the 120 days (CI decreased from 0.10 to 0.05, indicating 
about 50 % loss). The decrease of intensity of these bands can be attributed to the change of 
microstructure of polyurethane resulting from the decrease in number of hydrogen bonds and 
rupture of the macromolecular chain due to biodegradation (Oprea et al., 2018; Rueda, 
Fernandez d'Arlas, Corcuera, & Eceiza, 2014). The increase of peak intensity at 1729 cm-1 can 
be attributed to increase of free urethane carbonyl from the degradation of hydrogen-bonded 
urea carbonyl (1649 cm-1) and release of carboxylic group from PCL soft segment.  
It was also noticed that the intensity of ester C-O bond (1236 cm-1) of soft segment showed an 
increasing trend at the beginning (15 days – 60 days) and then decreased afterwards (Figure 
4(B) and 5 (B2)) as shown by the first increase (0.22) and decrease (0.08) of EsI, indicating a 
64 % loss of ester group in 120 days. This increase of intensity of ester band indicated that 
there was a rearrangement of ester linkage on the film surface due to microbial activity. At 
longer burial time (e.g. after 90 days), the number density of ester linkage began to decrease 
indicating that it was degraded or consumed by microorganisms. However, the ether C-O bond 
of soft segment appearing at 1102 cm-1 showed decreased intensity in its characteristic 
absorption band up to 90 days and started to increase again after 90 days.  This observation 
indicates that ether linkage has slow degrading nature compared to ester linkage. These results 
suggest that the ester bonds of starch–PU hybrid materials are preferred sites of microbial 
action than the ether bonds. Earlier studies have also shown that the biodegradation of PUs 
made from polyester polyols  are more susceptible to microbial degradation compared to 
those made from polyether polyols (Cosgrove, McGeechan, Robson, & Handley, 2007; Gómez 
et al., 2014; Sarkar et al., 2011).  
Chemically grafted starch–PU films (HS-20PEG-PU) had similar polyurethane absorption 
peaks as those of physically blended one. Characteristic bands at 3467 and 3330, 1714 and 
1652, 1538 and 1250 cm−1 were assigned to free and hydrogen-bonded N-H, free urethane 
carbonyl and hydrogen-bonded urea carbonyl (C=O), hydrogen-bonded N-H bending and PEG 
ether group (C-O) of soft segment, respectively. The HA absorption peaks were observed at the 
fingerprint region of HS-20PEG-PU film (862 and 760 cm-1). Decrease of the intensity of peaks 
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appearing at 1714, 1652, 1538 and 1250cm−1 were observed in the spectra of HS-20PEG-PU 
before and after degradation at 180 days (Figure 4(C) and 5 (C1-C3)). In fact, the intensity of 
the bands (urethane carbonyls and ether groups) of HS-20PEG-PU of was almost unaltered in 
60 days of biodegradation and then began to decrease slowly from 90 to 180 days. The intensity 
of hydrogen free carbonyl as indicated by CI decreased from 0.25 to 0.11 (about 56 % loss). 
Similarly, the intensity of the hydrogen-bonded urea carbonyl (hard segment) as indicated by 
CI decreased from 0.06 to 0.04 (about 33 % loss). The intensity of ether group as indicated by 
EtI decreased from 0.51 to 0.35 (about 31 % loss). The presence of ether linkage in HS-20PEG-
PU made it more resistant to hydrolysis by microbial enzymes. The fact that substantial amount 
of starch remained intact in HS-20PEG-PU films (StI= 0.08, 38% remained) after 180 days of 
degradation indicated that the starch that remained in the interior of the matrix was enveloped 
by PU component and was shielded from degradation.  It is reported that, in the case of starch–
PU films involving polyether polyurethane subjected to soil burial tests, the microorganisms 
needed to degrade urethane linkage located at the exterior before they could access the bulk 
material (Gopalakrishnan & Linda Fernando, 2011; Krasowska et al., 2012; Sarkar et al., 2011).   
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Figure 5. The effect of soil burial degradation on the; carbonyl index (CI), ester index (EsI), 
ether index (EtI) and starch index (StI) for HA (A1); HS40AEEPU (physically blended PU) 
(B1), (B2) & (B3) and HS-20PEG-PU (chemical grafted PU) (C1), (C2) & (C3). 
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6.4.6 Mechanism of biodegradation of starch–PU hybrid materials 
The degradation of polymeric materials occurring under soil burial condition is a complex 
process that involves both chemical hydrolysis and bacterial degradation the latter involving 
biological hydrolysis and  oxidation (Mahajan & Gupta, 2015). Most of the chemical 
hydrolysis occurs at the beginning due to moisture uptake from environment. The hydrolytic 
degradation is pronounced in hydrophilic natural polymers such as starch, cellulose and 
polyester (Hodzic, 2004).  This biological hydrolytic degradation is then followed by 
biological oxidation of carbon source by microbial enzymes.  A degradation mechanism of 
starch–PU hybrid materials in soil burial condition is schematically presented in Figure 6. 
Starch–PU hybrid materials undergo bond cleavage by biological hydrolysis and/or biological 
oxidation caused by microbial action. The erosion that occurred during soil burial is a physical 
phenomenon involving swelling, diffusion and dissolution of monomers (Cregut, Bedas, 
Durand, & Thouand, 2013; Oprea, 2015) was reflected in morphological changes. 
Biodegradation of starch–PU hybrid films occurred in four stages as presented in Figure 6.  
The first stage involved uptake or absorption of water by the hybrid films which facilitated the 
attachment of microorganisms on their surface. Initial degradation of the films began in the 
second stage which was reflected into surface erosion. The degradation of starch occurred in 
this second stage as microorganisms used it as the primary carbon source. The hydrolysis of 
polymeric chains due to microbial action produced water, carbon dioxide and other metabolic 
biomass. Bulk degradation of the film matrix started to occur in stage 3 as the microorganisms 
further invaded and started to breakdown the starch–PU hybrid polymers into smaller 
molecular units. A rough and porous structure was formed at the end of the third stage.  Most 
of the starch component of the starch–PU hybrid film was degraded by microorganism in this 
stage leaving alone the urethane component. In the final stage, the degradation progressed 
slowly as the breakdown of ester/ether urethane chain required a longer time. As detailed in 
Section 6.3.2, 6.3.3 & 6.3.4, the degradation of chemically crosslinked HS-20PEG-PU film 
was the slowest due to the lower starch content and strong interaction between starch and PEG-
PU as explained in the earlier section.  
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Figure 6. Schematic diagram illustrating the mechanism or different stages of degradation of 
starch–PU hybrid films in soil burial environment (Experiment condition: 54 % relative 
humidity, temperature 22 ± 3 ˚C and stored in dark). 
6.5 Conclusion 
This study provides an insight into the biodegradability of flexible films produced using 
physically blended and chemically grafted starch–PU hybrid materials under soil burial 
condition. The biodegradation caused the surface erosion and produced a porous structure.  
The films produced using physically blended (HS40AEEPU) and chemically grafted (HS-
20PEG-PU) starch-PU degraded 72.5% and 26.7 %, respectively in 180 days. Under identical 
condition, the degradation of plain starch film was 86%. The starch component within hybrid 
films provided active sites for microorganism to proliferate. The method used to synthesize 
starch–PU hybrid materials (i.e. physical blending or chemical grafting), starch content and 
chemical structure (ester or ether groups) determined the biodegradation behaviour of starch-
PU hybrid materials. The hydrogen bonded structure of physically blended starch–PU hybrids 
also favoured microbial hydrolysis when compared to covalently bonded structure of 
chemically grafted starch–PU hybrids.  
The mechanical integrity of films produced by physically blended starch–PU hybrids was 
similar to that of starch films, yet they had substantially higher water repellency. Thus, films 
produced using physically blended starch–PU hybrid materials will have a higher potential to 
be used as biodegradable flexible packaging. 
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7.1. Introduction 
 The aim of the thesis was to develop starch-polyurethane (PU) hybrid materials and films 
with improved physicomechanical properties, hydrophobicity (water repellence) and 
biodegradability by overcoming incompatibility between starch and PU. These materials and 
films are intended for packaging application, particularly for food packaging. Functionalised 
PUs were synthesized and were physically blended or chemically grafted with plasticized high 
amylose starch to study their phase separation behaviour. Starch and PU are inherently 
incompatible due to their immiscible nature which is primarily attributed to the relatively 
hydrophobic nature of PU. It was hypothesized that the incompatibility between starch and PU 
can be overcome by facilitating the formation of hydrogen and covalent bonds and 
interpenetrating polymer networks (IPNs). Preceding experiment chapters (Chapters 3-6) 
document the details of experiments, results and their interpretation to support thesis hypothesis. 
The details of study on biodegradability of these starch-PU films including experimental 
protocols, results and their interpretation are documented in Chapter 6. The research questions 
are answered using experimental data as documented in the above chapters. A synthesis of 
carefully-designed functionalised PU was the first step quantify and then improve the 
compatibility between starch and PU. Functionalised PUs were successfully synthesized and 
their structure-property relationship was evaluated. These PUs were subsequently grafted into 
the plasticized starch by physical blending and chemical grafting. The results showed that both 
approaches were able to improve the compatibility and minimized the phase separation. This 
improved compatibility led to substantial improvement in the hydrophobicity (water repellence) 
and mechanical properties in starch-PU hybrid films compared to those reported in the 
literature (Chethana, Prashantha, & Siddaramaiah, 2015; Lee & Kim, 2012; Zhang, Zhang, 
Chen, Wu, & Wu, 2011). The biodegradability of the starch-PU films, produced using the 
physically blended starch-PU hybrids, was 72.5%  and is expected to find real-life application 
as biodegradable single-use-packaging.  
The initial focus of the thesis was on chemically grafting of PU into starch using NCO 
end-capped poly(ethylene glycol)-isocyanate (PEG-iso) crosslinker. The crosslinker was 
synthesized and then reacted with starch in varying molar ratios. The chemical grafting of PU 
and starch with the aid of this crosslinker enhanced the miscibility between starch and PU.  
The introduction of urethane linkages was able to reinforce the intermolecular hydrogen 
bonding between starch and PU structures and improved the mechanical performance and 
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water repellency of starch-PU films. The effect of molecular weight of PEG-iso crosslinker on 
the crosslink density, surface topography and hydrophobicity of starch-PU films was also 
studied. The nature of intermolecular H-bonding interactions between starch and PEG-iso 
crosslinkers was explained and the effects of these bonds on physicomechanical properties of 
the starch-PU hybrid materials are discussed. 
To implement the physical blending approach of producing starch-PU hybrid material, a 
water dispersible anionic poly(ether-ester)urethane (AEEPU) was synthesized and then 
physically blended with the plasticised starch. AEEPU was readily blended with starch at 
ambient temperature and gentle stirring and showed no physical phase separation upon storage. 
This improved miscibility between starch and AEEPU solution is attributed to the amphiphilic 
nature of AEEPU and the presence of a surfactant (sodium dodecyl sulphate (SDS)) in the 
formulation. The soft segment of the AEPUU was synthesized individually using polyester and 
polyether polyols of same molecular weight (1000 Da) and also using 50:50 combination to 
study the effect of the composition of segment composition on miscibility with starch and also 
on biodegradation. AEEPUU was mixed with starch at starch-to-AEEPU rations of 90:10, 
80:20, 70:30, 60:40 and 50:50. The intermolecular interactions affecting the miscibility and 
phase separation between starch and AEEPU were measured and explained.  
The starch-PU hybrid materials produced from both chemical grafting and physical 
blending methods were characterised using an array of physical and chemical tests. 
Measurement and interpretation of the compatibility of starch-PU hybrids based on mechanical 
properties phase morphology and surface hydrophobicity form a major part of this thesis. In 
the final part of the experimental work (Chapter 6), the biodegradability of the starch-PU hybrid 
films synthesised by both methods was examined. The films produced using physically blended 
and chemically grafted starch-PU hybrid materials were subjected to soil burial test (ASTM 
D5988) to mimicking natural disposal conditions. The extent and nature of biodegradation 
including the changes in chemical composition, conversion of carbon content into CO2, 
changes in physical structure and morphology the test films were measured and interpreted.  
First and foremost, this work provides experimental and theoretical framework to 
synthesise a special class of PUs that can be either physically blended or chemically grafted to 
starch to produces their hybrids that have substantially improved water repellency and 
biodegradability. The outcomes documented in this thesis also provide fundamental insight into 
structure-morphology-property-degradation relationship of starch-PU films produced from two 
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different types of PUs mentioned above. The effects of composition PU and method of 
preparing starch-PU hybrids on the molecular interaction between starch and PU and surface 
topology of starch-PU films are measured and explained. The findings from this study will help 
in the design and synthesis of starch-PU hybrid materials with predictable morphological 
features, mechanical properties and water repellency. The main findings of this study including 
interpretations and contributions made by this the published and yet to published components 
to the body of knowledge in the relevant discipline are articulated in the following sections. 
Recommendations for future studies are outlined at the end of this chapter. 
7.2 Key research findings, general discussion and conclusions 
The incompatibility between starch and PU leads to inferior mechanical properties and 
poor hydrophobicity (water repellence) in starch-PU hybrid materials. The chemical 
incompatibility between starch and PU arises from the highly polar hydroxyl groups in starch 
and relatively non-polar PU. The hydroxyl groups of starch favour formation of intramolecular 
hydrogen bonds over intermolecular hydrogen bonds with relatively hydrophobic PU, which 
ultimately led to micro-phase separation. Most of the literature dealing with the starch-PU 
incompatibility primarily use PU as the major component (continuous phase) in starch-PU 
formulation (Lu, Tighzert, Dole, & Erre, 2005; Travinskaya, Savelyev, & Mishchuk, 2014). 
Published research has shown that a well dispersed starch-PU hybrid material contained up to 
20% (w/w) of starch in PU and provided considerable good mechanical properties (Cao, Chang, 
& Huneault, 2008; Lu et al., 2005). Most of the published literature has consistently reported 
low hydrophobicity (50˚-80˚), which is not suitable for stand-alone primary packaging 
application (Lee & Kim, 2012; Zhang et al., 2011). To broaden the applicability of starch-PU 
hybrids as packaging materials, starch should be the major component and PU be the minor 
additive or plasticizer to impart flexibility and/or strength. A good mechanical performance 
(elasticity > 200 %, tensile strength 20 MPa) and hydrophobicity (contact angle > 100˚) is 
preferred benchmark for starch-PU packaging material with a high starch content (>50 wt %) 
(Tai, Adhikari, Shanks, Halley, & Adhikari, 2018).  
Although various aspects of starch-PU hybrid materials have been studied, there still is a 
dearth of studies that are focussed on measuring and explaining the structure-function-property 
relationship of starch-PU hybrid materials. In order to improve the compatibility (miscibility) 
between starch and PU, greater understanding of molecular-level interactions between starch 
and PU is required. The effectiveness of physical blending or chemical grafting methods 
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applied to produce starch-PU hybrid materials continues to be a major subject of investigation. 
The key findings obtained from the research study and their significances are articulated in the 
ensuing sections. 
7.2.1 Developing starch-PU hybrid materials through chemical grafting 
Chemical grafting has gained increased research attention as it is able to bring about 
increased interaction (interlocking) of starch and polymer chains. In this approach, two or more 
polymers are held together by permanent entanglement out of which at least one polymer is 
crosslinked the other (Gosecka & Basinska, 2015).  In this study, a NCO end-capped PEG-
iso crosslinker was synthesised and was chemically grafted with starch and the 
physicomechanical properties, hydrophobicity and surface morphology of resultant starch-PU 
films were measured and explained (Chapter 3).  
The results documented in Chapter 3 shows that (amphiphilic) NCO end capped PEG-iso 
crosslinker synthesised using PEG 1000 MW is highly compatible with starch. The 
disappearance of NCO groups and formation of urethane linkage (by FTIR) confirmed 
successful grafting of PEG-iso onto starch chains via urethane linkage (covalent bonding and 
hydrogen bonding). The incorporation of PEG-iso into starch increased the interaction between 
PU and starch, which resulted into improved hydrophobicity and mechanical properties starch-
PU films. The resultant films showed significantly improved surface hydrophobicity (contact 
angle of 51 110˚) and flexibility (elongation at break from 17  1000%, about 64-fold higher 
than that pure starch film).  
SEM studies revealed that incorporation of NCO end capped PEG-iso into the starch by 
both chemical grafting and physical blending helped to fill the voids around starch molecules. 
The chemical grafting led to the formation of a three-dimensional polyether urethane (PEG-
PU) network a good mixing occurred between starch-rich and PEG-PU-rich phases leading to 
better cohesion between these phases. The WAXD results showed that starch crystallinity was 
disrupted when the PEG-iso crosslinker was grafted onto the starch. DSC results showed that 
the crystalline peaks associated with starch were shifted and broadened in starch-PU hybrid 
materials. The shifting of crystallization peaks in the starch-PU films is attributed due to the 
formation of urethane linkages and increase of chain entanglement between starch and PEG-
PU due to the increase of inter-hydrogen bonding. The PEG-iso crosslinker was able to reduce 
the brittleness of starch and introduced greater flexibility. The significantly increased 
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hydrophobicity (contact angle 110˚) was also attributed to the formation of urethane linkage 
formation which helped filling the voids around starch molecular chain. This increased 
interaction between led to the formation of denser starch-PU hybrid matrix and, thus, hindered 
the penetration by water.  
DMTA studies showed that the distinct loss tangent (tan δ) transition peaks of starch 
decreased when PEG-iso crosslinker was grafted onto the starch. This decrease in 
tan δ transition peaks indicated to the formation of urethane linkage (PEG-PU) which restraints 
the movement of polymer chains due to the formation of intermolecular hydrogen bonds. The 
increased interaction between starch and PEG-iso is direct consequence of increased hydrogen 
bond formation between urethane N-H groups of PEG soft segment and starch hydroxyl groups. 
The above findings make it conclusive that the attachment of functionalised amphiphilic PEG-
iso crosslinker to starch substantially improves the phase morphology and hydrophobicity and 
mechanical properties of starch-PU packaging. 
7.2.2 Effect of molecular weight of polyol affect the properties of starch-PU through 
chemical grafting 
Chapter 4 describes the effect of molecular weights (Mw) of PEG-iso crosslinker 
synthesised by varying the Mw of PEG from 600 Da to 2050 Da and also the effect of starch-
to-PEG-iso ratio on the compatibility and physicomechanical properties of starch-PU films.  
The tensile strength, elongation and hydrophobicity (CA) of starch-PU films were significantly 
affected by the chain lengths of the PEG-iso crosslinkers and their concentration in the films. 
FTIR was used to quantify the extent of formation of intermolecular hydrogen bonds between 
starch and PEG-iso crosslinker. Hydrogen bonds formed between proton “donors” (i.e., 
urethane N-H, urea N-H and –OH of starch) and proton “acceptor” (i.e., urethane C=O, urea 
C=O, and C-O-C of PEG) were of particular interest. As expected, the intermolecular hydrogen 
bonding between starch and PEG-iso crosslinkers in the starch-PU film increased with the 
increase of PEG-iso content and decreased with the increase of Mw of PEG-iso. The increase 
of hydrogen bonds indicated increased interactions and good miscibility between starch and 
PEG-PU.  
Low Mw PEG-iso crosslinker (PEG 600) showed the highest degree of hydrogen bonding 
between starch and the PEG-PU. This formulation produced films with smooth and 
homogenous surface morphology (SEM) and good dispersion of starch in PEG-PU matrix. As 
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PEG 600 had a shorter chain, the formulation was able to carry more NCO groups per unit 
volume and was able to produce a higher number of chain entanglements (crosslink) between 
starch and PEG-PU. The increased chain entanglements and the less crystalline structure in 
PEG-PU-starch matrix (DSC and WAXD). The high chain entanglement also caused some 
degree of anti-plasticisation and decreased the flexibility of the starch-PU film. CA of these 
films was low due to low crystallinity and higher affinity to water although it provided the best 
miscibility and smooth structure.   
On the other hand, high Mw PEG-iso crosslinker (PEG 2050) formed fewer hydrogen-
bonding interactions with starch due to the fewer active NCO groups available to react with 
starch. The presence of un-reacted starch domains led to the agglomeration of starch as 
observed (SEM micrograph). The low degree of chain entanglement with starch and the 
agglomerated starch clusters reduced the overall elasticity and hydrophobicity of the film. 
These films, however, showed the highest tensile strength most probably due to the crystalline 
nature of PEO structure.  
Mid Mw PEG-iso crosslinkers (PEG 1000 and PEG 1500) showed good miscibility with 
starch and that unreacted clusters of starch were not observed. The starch-PU films produced 
using both linkers showed good mechanical properties and hydrophobicity. The CA value of 
starch -PU film produced using PEG 1500 attained the highest value of 125˚. The increase of 
Mws of PEG-iso crosslinker decreased the flexibility and increased the tensile strength.  
7.2.3 Developing starch-PU hybrid materials through physical and effect of polyester and 
polyether on PU soft segment composition  
Physical blending of water dispersible anionic poly(ether-ester)urethane (AEEPU) and 
starch was investigated and results are reported in Chapter 5. The results showed synergistic 
effects between both polymers due to the physical entanglement and hydrogen bonding of ionic 
groups of the AEEPU and starch. Although, the plasticized starch is non-ionic, incorporation 
of a small amount of surfactant molecules SDS in AEEPU was able to form amylose-SDS 
complexes. The interaction between AEEPU carboxylate ionomers (-COO-NR3
+) and amylose-
SDS complexes created a high degree of physical entanglements between the starch chains and 
ionomers. This synergistic effect enabled better distribution and intercalation of AEEPU in the 
starch chains. The results also showed that a careful control of the particle size of PU is critical 
in developing starch-AEEPU hybrid materials. The particle size of the PU needs to be smaller 
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than that of starch to enable the penetration of PU to into starch chains. The particle size of the 
AEEPU (contains both polyether and polyester soft segments based formulations) was 
controlled to be smaller than that of starch and, hence, it mixed well with starch.  
FTIR result revealed that hydrogen bonding between starch and AEEPU was the main 
mode of interaction responsible for the increased compatibility between starch and AEEPU. 
SEM showed that the starch-AEEPU hybrid materials and films had smooth surface 
morphology and denser or compact network structure. The data obtained from WAXD and 
DMTA further confirmed that starch-AEEPU hybrids had uniformly mixed phase morphology. 
The X-ray diffractogram of starch-AEEPU hybrids less crystallinity compared to that of starch. 
The shifting of starch’s diffraction peaks at 14.3° (2θ) to lower angle at 12.8° (2θ) and also their 
broadening was an indication of the formation of hydrogen bonds and intermolecular 
interaction between AEEPU and starch.  DMTA showed that the interaction between AEEPU 
and starch led to the merging of the two distinct tan δ transitions peaks (−64.8 °C and −8.4 °C) 
of starch into a single one (−25.1 °C). This merger is due to the physical anchoring between 
starch chains and restricted segmental movement of starch chains due to AEEPU. Thus, the 
physical blending of AEEPU with starch increased not only hydrophobicity but also the 
elongation of starch-AEEPU films without compromising their modulus. The films produced 
by the starch-AEEPU hybrid materials at equal proportion of starch and AEEPU was 
comparable to LDPE film in terms of elongation at break (187%), Young’s modulus (383 MPa), 
and contact angle (112˚) and had good transparency.  
7.2.4 Study of biodegradation of starch-PU hybrid materials 
The starch-PU hybrid materials should be able to biodegrade in real field conditions in 
order to use them as eco-friendly packaging materials. The biodegradation behaviour of starch-
PU hybrid films was evaluated by ASTM 5988. This test method mandates the percentage of 
conversions of carbon into CO2 is used as the main criteria of biodegradation (ASTM, 2012). 
The extent of degradation in chemical composition and morphological features of starch-PU 
hybrid films (physically blended and/or chemically grafted) was measured and interpreted and 
the content is presented in Chapter 6. Two representative starch-PU hybrid films, produced 
using chemical grafting (HS-20PEG-PU) and physical blending (HS40AEEPU), were included 
in these biodegradation studies.  
These chemically grafted and physically blended starch-PU hybrid film showed different 
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degree of biodegradation, nevertheless, they showed a considerable level of biodegradation 
above and beyond that of starch. Results showed that the starch component of the hybrid films 
provided colonising sites for microorganisms. Starch film as positive control achieved 
biodegradation at 86%, 180 days. Films produced from physically blended starch-PU had faster 
biodegradation (72.5 %, 180 day) compared with chemically grafted starch-PU (26.7 %, 180 
day). The degree and rate of biodegradation were found to depend on the cross-linking density 
(covalent linkages and physical entanglements) and the amount of starch in them. The starch-
PU hybrid films produced by physical blending showed faster biodegradation due to weaker 
hydrogen bonding between starch and AEEPU and also due to higher starch content (48%). 
The starch-PU hybrid films produced using chemical grafting had much slower biodegradation 
due to strong chemical bonding (crosslinking) between starch and PEG polyether PU and starch 
content (16 %). The strong chemical bonds between starch and PU and also less anchoring sites 
(less starch) made these films less susceptible to microbial action.   
The nature of chemical compounds such as starch, polyether, polyester and 
hydrophilic/hydrophobic property the film surface also affected the biodegradation of these 
hybrid films. Biodegradation of hydrophilic pure starch film started immediately and 
proceeded at a faster rate, whereas the biodegradation of starch-AEEPU starch-PU films had a 
longer lag phase and proceeded more slowly. The biodegradation of starch-AEEPU proceeded 
in two stages: the initial stage comprised of breakdown of starch component followed by the 
breakdown of AEEPU component. FTIR results showed that the polyester component of soft 
segment degraded much faster than polyether component.  On the other hand, the films 
produced by using chemically grafted PU and starch had the slowest biodegradation mainly 
due to covalent urethane and polyether linkage which are more resistant to microbial enzymes. 
The presence of comparatively low amount of starch in these films also provided less anchoring 
and colonizing points. The biodegradation of polyether polyurethane requires cleavage of its 
aliphatic ether to aldehyde and further dehydrogenation to carboxylate acid derivative all of 
which are energy intense (Krasowska, Janik, Gradys, & Rutkowska, 2012; Sarkar, Basak, & 
Adhikari, 2011). 
The process of biodegradation of starch-PU films was found to have distinct  four stages: 
(i) moisture uptake from environment and attachment of microorganisms, (ii) hydrolysis and 
oxidation of the starch component, (iii) break down of the chemical structure into small 
molecular units, and (iv) degradation of the polyurethane component at a slower rate. This 
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study shows that the films produced from physically blended starch-PU hybrid materials have 
greater potential in biodegradable and flexible packaging applications.  
7.3 Contribution made by this Thesis to the community and industry 
The major contribution made by this thesis to the body of knowledge are listed below.  
1. This research contributes to the fundamental understanding of science that underpins the 
design and development of starch-PU hybrid materials and films to improve their 
compatibility. This research, for the first time, developed highly effective physical blending 
and chemical grafting methods for producing starch-PU hybrid materials and contributes 
to the understanding of the phase behaviours of starch-PU hybrid materials. 
2. This research also contributes to the fundamental understanding of structure-morphology-
property relationship of starch-PU hybrid materials and films. This work has shown that 
functionalized PU can be grafted into starch by both physically and covalently under 
controlled experimental condition and in specific composition to improved compatibility 
between starch and PU. Starch-PU hybrid films with much improved hydrophobicity and 
flexibility than those reported in the previous literature and they can be used as primary 
packaging materials.    
3. This work has shown, for the first time, that the starch-PU hybrid packaging films 
developed using polyether-polyester polyols in soft segment (AEEPU) had >75%  
biodegradability under ambient temperature and natural soil condition environment. These 
packaging materials can be preferably used in biodegradable single-use packaging 
application. This will open further venues for developing novel hybrid materials of other 
biopolymers (e.g. using cellulose and other biopolymers) containing-PU. 
Four research papers have been generated from this research. Out of which, three have been 
published in peer-reviewed journals. The fourth research paper is currently undergoing peer-
review. The Literature Review chapter will be drafted in a manuscript format and will be 
submitted in a referred journal. Overall, the findings of this study contribute to the fundamental 
science that underpins the development of biodegradable starch-PU hybrid materials and also 
the technology in producing flexible packaging films from these hybrid materials. Most 
importantly, this study provides insights into the reasons behind the incompatibility between 
starch and PUs and proposes the ways to overcome it.  
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7.4 Recommendations for the future work 
It was not possible to pursue the following research avenues due to time and resource 
constraints, and hence are recommended for future study.  
1. Synchrotron Infrared Micro-spectroscopy (S-IRM) enables spectroscopically mapping the 
spatial distribution of starch and PU in their hybrids and composites. X-ray photoelectron 
spectroscopy (XPS) enables profiling of elemental map (elemental composition) of the 
starch-PU at the surface. Using these two molecular probing methods, the chemical 
compatibility (miscibility) between starch and PU and water repelling ability can be more 
accurately measured. The insights gained through these two methods will enable the 
synthesis of starch-PU hybrid materials and films with greatly improved physicochemical 
properties. Thus, future research on starch-PU hybrid materials should use these two 
important tools.  
2. The mechanical integrity and surface hydrophobicity of starch-PU films are likely to 
change during storage. The change in strength, flexibility, glassy/crystalline/rubbery nature, 
water vapour permeability and water repellency (contact angle) of starch-PU films should 
be studied as a function of expected storage temperature and time. 
3. It is important to compare the performance of starch-PU hybrid films with that of flexible 
films used in food packaging produced using petroleum-based (e.g., polyethylene, 
polypropylene, polyethylene terephthalate) and bioplastics (e.g. polylactic acid). Due to 
greater focus of this thesis on chemical synthesis of PUs and their physical blending and 
chemical grafting, I was unable to compare their water vapour and oxygen transmission 
properties with those of currently used flexible packaging films. This aspect needs targeted 
studies in the future. 
4. Packaging films with antimicrobial and antioxidant properties are in demand in the 
packaging industry. Incorporation of natural bioactive compounds and/or metallic 
antimicrobial materials to starch-PU films to introduce ‘active’ properties would be of 
practical importance. 
5. Biodegradation of PU depends on its chemical structure, i.e. the structure and composition 
of urethane (hard) segment and polyol (soft) segments. Targeted studies are required in the 
future to understand/quantify the effect of hard and soft segments of PUs, especially those 
containing ester or ether moieties to provide a holistic picture of biodegradation of starch-
PU hybrid materials. 
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6. This work showed that anionic PU is highly compatible with starch. It is of practical 
significance to extend this work to cationic PUs and starch-cationic PU films. This is 
because cationic PUs are reported to have antibacterial properties. For example, cationic 
PU containing gemini quaternary ammonium ion is likely to introduce strong antibacterial 
properties to the starch-PU films.  
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